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ABSTRACT

III-nitride light-emitting diodes (LEDs) are now ubiquitous in solid-state lighting
(SSL) systems. Despite the significant advancement of III-nitride LEDs, the origins of
fundamental challenges such as efficiency droop, thermal droop, and green gap are not
completely understood. In addition, emerging applications such as micro-pixel LED
displays and visible-light communication (VLC) require efficient LEDs capable of highspeed modulation. Studies of carrier dynamics are essential to better understand the
fundamental efficiency challenges and enable the design of high-efficiency, high-speed
LEDs. Among approaches to characterize the carrier dynamics in LEDs, electrically
injected methods are preferred over optically pumped methods to capture the carrier
dynamics under typical operating conditions.
In this dissertation, a comprehensive method is developed to study carrier dynamics
in electrically injected LEDs using small-signal RF measurements and differential rate
equation analysis. This method represents an entirely new approach to characterizing the
classic DC properties of III-nitride LEDs and enables simultaneous determination of the
dynamic properties. This method enabled the determination of the injection efficiency,
vii

carrier density in the active region, modulation bandwidth and differential carrier
lifetime, carrier escape lifetime, radiative and non-radiative recombination rates, and RC
time constant in LEDs. Understanding the above properties under electrical injection
provides valuable information about the origins of fundamental efficiency challenges and
aids in the co-optimization of modulation bandwidth and efficiency. For instance, study
of different lifetimes enabled the design of GHz-bandwidth LEDs operating at low
current densities for VLC applications. The impact of crystal orientation on the
modulation bandwidth was studied and the trade-off between bandwidth and efficiency
was investigated for GaN micro-LEDs. The described method was used to experimentally
determine the injection efficiency in III-nitride LEDs and exclude injection efficiency as
a potential origin of efficiency droop. Moreover, the origins of efficiency and thermal
droop in III-nitride LEDs were investigated by analyzing the carrier density and radiative
efficiency as a function of current density and temperature under isothermal conditions.
The isothermal condition was enabled by a pulsed-RF method, which was developed for
the first time. This approach is expected to accelerate the development of LEDs tailored
for micro-pixel displays and VLC.
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Chapter 1 Introduction

1.1

III-nitride light-emitting diodes
The 2014 physics Nobel prize was awarded to Japanese scientists Shuji Nakamura,

Isamu Akasaki, and Hiroshi Amano for their contributions to the invention of highbrightness blue light-emitting diodes (LEDs) in the late 1980s and early 1990s. Although
by 1970s crystal growth of arsenide materials had seen more developments which
enabled the invention of red and yellow LEDs, lack of good crystal quality of GaN was
hindering the efforts for the invention of shorter wavelength emitters. Using blue light as
the high energy photon was essential for achieving high-brightness efficient solid-state
lighting. Akasaki started his research on the development of high quality GaN crystals in
the 1960s and succeeded in that goal with his group at Nagoya University in 1985 by
using metalorganic vapor phase epitaxy (MOVPE) growth of high quality GaN crystals
on sapphire substrates using a low-temperature buffer layer technique [1]. Amano was
Akasaki’s PhD student at the time. This high-quality GaN enabled them to discover ptype GaN by doping with magnesium (Mg) and subsequent activation by electron
irradiation (1989), to produce the first GaN p-n junction blue/UV LED (1989). However,
the electron irradiation method was not suitable for mass production and its physics were
not well understood. Nakamura, an engineer at Nichia at the time, managed to develop a
thermal annealing method to activate the Mg acceptors which was much more suitable
for mass production. In addition, he and his co-workers worked out the physics and
pointed out the cause of low hole concentration in the p-GaN was hydrogen, which
passivated acceptors in GaN. At the time, many considered producing a GaN LED too
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complicated; but Nakamura was fortunate that the founder of Nichia, Nobuo Ogawa, was
initially willing to support his GaN project. However, the company eventually ordered
him to suspend work on GaN, claiming it was consuming too much time and money.
Nakamura continued to develop the blue LED on his own and in 1993 succeeded in
making the device.
Nitride LEDs are now ubiquitous in solid-state lighting systems. White light is
generated by coating high-brightness blue LEDs with yellow phosphor (cerium-doped
yttrium–aluminum garnet (Ce:YAG)). Shorter wavelength blue light excites the phosphor
atoms and a combination of yellow color from the phosphor and the blue light from the
LED generates the white light. Another approach is to combine blue, red, and green
LEDs to generate the white source. A hybrid approach that combines phosphor-coated
blue LEDs with red LEDs is also applicable. Figure 1 shows these approaches.

Figure 1: Methods to produce white light source using LEDs, including phosphor-converted
LEDs, direct-emitting LEDs, and a hybrid approach. Figure courtesy of Lumileds [2].

LED-based light sources are now used for variety of applications including indoor
lighting, architectural lighting, back-lighting for displays, and automotive headlights.
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InGaN LEDs have other applications including plant growth, micro-pixel LED displays,
art decoration, visible-light communication (VLC), and biosensing [3].
Despite the developments in the InGaN LED industry, there are several major
challenges remaining. Before listing the challenges, a basic understanding of InGaN LED
structures is necessary and is discussed in the next two sections.
1.2

GaN and its alloys
III-nitride materials have direct bandgaps ranging from 0.7 to 6.2 eV, making them

good candidates for a variety of applications. III-nitrides have enabled high-performance
deep UV, blue, green and red LEDs and laser diodes (LDs) [3-5]. Furthermore, due to
high electron mobilities, high electron velocities, and high breakdown voltage, they are of
interest for high-power and high-frequency electronic devices [6]. Moreover, their high
mechanical, thermal, and chemical stability enables them to operate under harsh
environments as sensors [7]. III-nitride materials are also potential candidates for
photodetectors over a wide spectral range from UV to IR, and high-efficiency solar cells
[8, 9]. Figure 2 shows the lattice constant and energy bandgap of GaN and its alloys.

Figure 2: lattice constant and energy bandgap of GaN and its alloys.
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1.3

Typical III-nitride LED structure
GaN-based LEDs are conventionally grown on sapphire substrates by metalorganic

chemical vapor deposition (MOCVD). In an MOCVD system, the growth of crystals is
through reaction of gases at elevated temperatures and atmospheric pressures. Gas flows
are controlled by mass flow controllers (MFC) which allows gases to enter the chamber
at very fine doses. The substrate is placed in a rotating susceptor which transfers the heat
to the substrate. The reaction of the gases results in the deposition of a high-quality thin
crystal layer on the substrate. Trimethylgallium (TMG) and triethylgallium (TEG) gases
are used as the Ga sources, while trimethylindium (TMI) gas is used as the In source.
Ammonia is used as the nitrogen source. Bis-cyclopentadienyl-magnesium (Cp2Mg) and
SiH4 are used as the sources for Mg and Si dopants, respectively [10].
Figure 3 shows a typical InGaN/GaN LED structure. The LED structure includes ~ 2
µm of Si-doped n-type GaN on sapphire substrate, followed by ~100 nm of highly doped
n-type GaN with a nominal electron concentration of 6×1018 cm-3. An InGaN/GaN
MQW active region consisting of three 6-nm-thick InGaN quantum wells separated by
15-nm-thick GaN barriers is then grown on the n-GaN. The structure is capped with ~100
nm of moderately doped p-GaN with a doping concentration of 3×1019 cm-3, followed by
15 nm of highly doped p++GaN. The structure is then annealed in air in a furnace at
650°C to activate the Mg acceptors which typically results in a 1% activation of the total
Mg concentration [11]. The goal of having n++ and p++-GaN is to have the n and pcontacts on high conductivity GaN for lower contact resistance. The structure is a p-i-n
diode with MQW as the intrinsic region.
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Figure 3: Schematic of a typical InGaN/GaN LED structure.

The motivation behind this dissertation is to contribute to the understanding of and
potentially solving the challenges facing III-nitride LEDs including efficiency droop,
thermal droop, green gap, and co-optimization of efficiency and bandwidth for
applications to VLC and micro-LED displays. In the following section, these challenges
are discussed in more details.
1.4

Challenges facing III-nitride LEDs

1.4.1

Polarization in III-nitrides

III-nitrides most commonly form in the wurtzite crystal structure. The specific case of
GaN is shown in Figure 4. The Bravais lattice of the wurtzite structure is hexagonal and
the axis perpendicular to the hexagonal layers is typically labeled the c -axis ([0001]
direction). The structure for GaN, for example, can be seen as two interlaced hexagonalclose packed (HCP) lattices, one consisting of Ga atoms and one consisting of N atoms,
offset along the c-axis by the parameter u. The result is a sequence of alternating
hexagonal layers consisting entirely of one type of atom [12].
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Figure 4: GaN crystal structure showing the primitive vectors. Reprinted figure with permission
from [12].

The crystal plane perpendicular to the c-axis is known as the c-plane, basal, or polar
plane. The planes along the c-axis are called nonpolar planes because each contains an
equal number of negative and positive charges. Crystal planes with angles between 0 and
90 are called semipolar planes. Figure 5 shows different crystal orientations of GaN that
will be used in chapter 3 to grow and fabricate high-speed LEDs.

Figure 5: Different crystal orientations of GaN. Image courtesy of [13].
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Due to the polar nature of the Ga-N bond and lack of inversion symmetry in wurtzite
structures, there is an inherent internal polarization in the material known as spontaneous
polarization. Another inherent polarization is piezoelectric polarization, which forms as a
result of psuedomorphically grown strained layers (e.g. InGaN on GaN). The total
polarization is the sum of both spontaneous and piezoelectric polarizations. The total
polarization discontinuity in the growth direction depends on the crystal orientation.
Figure 6 presents a calculation of the total polarization discontinuity in the growth
direction (+z) versus inclination angle from the c-plane for a coherently strained
In0.2Ga0.8N layer on GaN.

Figure 6: Total polarization discontinuity in the growth direction for a coherently strained
In0.2Ga0.8N layer on GaN versus inclination angle from c-plane. The growth direction (+z) is
defined as the positive direction. Reprinted figure with permission from [13].

This polarization discontinuity induces very large internal electric fields in the QWs
which can alter the energy bands. Figure 7 shows the SiLENSe simulation of a 3 nm
SQW In0.23Ga0.77N with GaN barriers for polar c-plane, simpolar (202̅1̅), and nonpolar
(101̅0) orientations at a current density of 100 A/cm2 injected to the junction. The
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ground-state electron and hole wave functions are also shown. The n-side donor
concentration is 1e18 cm-3 and the p-side acceptor concentration is 2e19 cm-3 [13].

Figure 7: Simulated energy band diagrams of 3 nm SQWs In0.23Ga0.77N with GaN barriers at a
current density of 100 A/cm for (a) polar (c-plane), (b) semipolar, and (d) nonpolar (m-plane).
The directions of the piezoelectric field and p-n junction built-in field are indicated.

The induced electric field in the direction of growth causes the electron-hole
wavefunctions to be separated and reduces the overlap. This leads to a lower possibility
of recombination and hence reduction of radiative efficiency. The longer carrier
recombination lifetime in the QWs also results in lower modulation bandwidth.
Moreover, since the internal electric field is screened with higher electrical bias, the
energy bands change, resulting in different emission wavelength at different bias current
densities in QWs with QCSE.
GaN LEDs are dominantly grown on polar material due to wide availability of
sapphire substrates and the development of buffer layer techniques which provided
relatively high-quality GaN templates [12]. However, in the past decade there have been
efforts to employ semipolar and nonpolar orientations for LEDs due to their unique
properties. Due to higher electron-hole wavefunction overlap in nonpolar and semipolar
QWs they potentially exhibit shorter carrier lifetime which is investigated in this
dissertation to develop high-speed LEDs for VLC applications. The orientation
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dependency of modulation bandwidth of blue LEDs for VLC applications is discussed in
section 3.1. In this dissertation, GHz-bandwidth LEDs are achieved using nonpolar and
semipolar LEDs at much lower current densities compared to the polar devices.
1.4.2

Efficiency and thermal droop

Although InGaN/GaN LEDs exhibit a high peak internal quantum efficiency (IQE) at
low current densities, efficiency droop reduces the IQE at high current densities.
Additionally, the overall efficiency reduces at elevated temperatures, a phenomenon
known as thermal droop. Figure 8 shows the measured relative external quantum
efficiency (EQE) of an InGaN/GaN LED as a function of current density at different
temperatures. Peak efficiency occurs at current densities as low as 50 A/cm2 at room
temperature.
Previous explanations for efficiency and thermal droop are divided into two primary
categories: (1) reduction of the radiative efficiency due to non-radiative recombination in
the QW or saturation of radiative rate and (2) carrier leakage from QWs into cladding
layers. Despite development of different methods to study individual mechanisms
potentially responsible for droop, the origin of droop is still the subject of debate due to
lack of a comprehensive characterization method that enables the simultaneous
investigation of these mechanisms under electrical injections to identify the dominant
mechanisms. In this dissertation, a small-signal RF method is developed that will be used
in chapter 5 to study efficiency and thermal droop in search of their origins.
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Figure 8: Relative EQE vs. current density measured for an InGaN/GaN LED at different stage
temperatures.

1.4.3

Injection efficiency

One of the primary causes of efficiency droop is loss of injected carriers known as
injection efficiency. Injection efficiency defines how efficiently an epitaxial structure of
an LED delivers the carriers from the metal contacts to the active region and how
efficiently the active region consumes those carriers. Although knowledge of the
injection efficiency is essential to design high efficiency LEDs for solid-state lighting, its
determination is not easy due to lack of information about different carrier mechanisms
both in the QWs and in the cladding layers. In chapter 4, the RF technique that is
developed in chapter 2 is used to experimentally determine the injection efficiency in IIInitride LEDs and exclude injection efficiency as a potential origin of efficiency droop.
1.4.4

Green gap

Green gap refers to the low efficiency of green LEDs compared with the blue and red
devices. Green LEDs are realized by increasing the In content in InGaN QWs resulting in
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lower bandgap and higher emission wavelengths. However, there is a direct correlation
between increasing the In content and the reduction of overall efficiency, mainly due to a
large crystal mismatch between InGaN QWs and GaN barriers which induces defects and
also In tending to form clusters during the growth process. On the other hand, there are
theories that some of the carrier mechanisms are responsible for the low efficiency of
green LEDs. For instance, theoretical studies have shown that Auger recombination
increases with increasing In content in the InGaN/GaN QWs due to alloy scattering,
resulting in larger droop in green LEDs. Droop studies in chapter 5 can be carried out for
green LEDs with a variety of epitaxial structures to study the behavior of the Auger
process in green LEDs and identify its role in the green gap. This method also can be
used to track the behavior of injection efficiency, and radiative and non-radiative
processes as a function of In content in the InGaN/GaN QWs and defect density in order
to potentially find a correlation between the In clusters and defects, and the low
efficiency of green LEDs. Figure 9 depicts the green gap issue among visible LEDs. The
low efficiency of green LEDs has complicated the realization of micro-pixel LED
displays.
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Figure 9: Green gap issue in visible LEDs. Reprinted figure with permission from [14]. Copyright
2016 by the American Physical Society.

1.4.5

Bandwidth-efficiency trade-off

LEDs are required to simultaneously provide light and operate at high-frequencies in
emerging applications such as VLC and micro-pixel LED displays. The requirement of
sufficient light output and speed demands for LEDs with both high efficiency and high
modulation bandwidth. High modulation bandwidth is achieved by operating the LEDs at
high current densities to reduce the recombination carrier lifetime and increasing the
modulation bandwidth. However, efficiency droop at high current densities reduces the
efficiency. Thus, there is a need to co-optimize the efficiency and bandwidth of LEDs to
pave the way for high-speed and low power VLC systems and micro-pixel LED displays.
However, this topic has not been addressed in the nitride community so far. In this
dissertation, the bandwidth-efficiency trade-off will be discussed in section 3.4 based on
the study of carrier dynamics in the LED structure. Section 3.4 investigates two different
designs for co-optimization of bandwidth and efficiency. The method that is developed in
this dissertation can be used in future studies to co-optimize bandwidth and efficiency of
LEDs for the emerging applications.
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1.5

Study of carrier dynamics to alleviate the challenges
Studies of carrier dynamics are essential to better understand the fundamental

efficiency challenges and enable the design of high-efficiency, high-speed LEDs. Among
approaches to characterize the carrier dynamics in LEDs, electrically injected methods
are preferred over optically pumped methods to capture the carrier dynamics under
typical operating conditions. This dissertation presents a comprehensive method to study
carrier dynamics in electrically injected LEDs using small-signal RF measurements and
differential rate equation analysis. This method represents an entirely new approach to
characterizing the classic DC properties of III-nitride LEDs and enables simultaneous
determination of the dynamic properties. The method uses a rate equation approach to
model the time-dependency of different carrier mechanisms in the LED and derive an
equivalent electrical circuit representing those processes from the rate equations. The
electrical circuit is used to fit the RF characteristics of the LED at various current
densities and temperatures and as a result differential carrier lifetime (DLT), total carrier
escape time, transport time and recombination lifetime in the cladding layers are
extracted. Study of the extracted lifetimes aided in understanding of limitations of
modulation bandwidth, alleviating them, and opening a path towards bandwidthefficiency co-optimization. The extracted lifetimes are also used to calculate the injection
efficiency. It will be shown that injection-related carrier mechanisms (e.g., carrier
leakage and/or overshoot) are not the primary cause of efficiency droop. Knowing the
injection efficiency, the carrier population and recombination current density in the
quantum-well (QW) and cladding layers are calculated. By measuring the EQE of the
device as a function of current density and temperature and having the injection
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efficiency, the radiative and non-radiative differential carrier lifetimes were extracted
from the DLT. The total radiative and non-radiative recombination rates were calculated
using carrier density in the QW and radiative and non-radiative differential carrier
lifetimes. The behavior of these rates as a function of current density and temperature
reveals the origins of efficiency and thermal droop. Furthermore, the study of efficiency
droop and DLT in green LEDs for different epitaxial structures and device geometries
can help clarify the efficiency issues in green devices and solve one of the challenges
preventing development of micro-pixel LED display technology.
In general, the study of carrier dynamics as a function of current density and
temperature for a variety of device designs can help clarify the origins of the challenges
listed in the previous section and alleviate these challenges.
1.6

Previous methods to study carrier dynamics in III-nitride LEDs
Methods to study carrier dynamics of LEDs are mainly categorized as optical and

electrical techniques. The aim is usually to measure the carrier recombination lifetime in
the active region and/or the radiative efficiency of the LED in order to study the
mechanisms affecting the efficiency of the LEDs. In this section, first, a widely known
model that is used to describe efficiency droop is presented and then the common optical
and electrical measurement methods used to extract the parameters for this model are
listed.
1.6.1

ABC model

To investigate the efficiency droop, the mathematical model known as ABC model
has been widely used. The most advanced form of this model describes the rate of carrier
loss from the QW as 𝑅 = 𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3 + 𝑓(𝑛) where 𝑅 is the rate of carrier loss, 𝑛
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is carrier density in the QW, 𝐴 is SRH coefficient, 𝐵 is bimolecular coefficient, 𝐶 is
Auger recombination coefficient, and 𝑓(𝑛) is a 4th or higher order function of 𝑛
representing carrier leakage [15]. Based on the definition of the rate of carrier loss,
radiative efficiency (𝜂𝑅𝐸 ) of the LED is 𝜂𝑅𝐸 =
1

, and the DLT is

𝑓(𝑛)
𝐴+𝐵𝑛+𝐶𝑛2 +
𝑛

𝑑𝑛

=
𝑑𝑅

1
𝐴+2𝐵𝑛+3𝐶𝑛2 +

𝐵𝑛2
𝑅

, total carrier lifetime is

𝑛
𝑅

=

. Measurement of these three

𝑑𝑓(𝑛)
𝑑𝑛

quantities in the lab and estimation of 𝑛 is used to fit the associated equations to find the
unknown coefficients. The behavior of the coefficients is studied as a function of 𝑛 and
temperature to investigate the role of individual processes in efficiency and thermal
droop. However, use of this model in its different forms has often showed different
results and it is one of the reasons efficiency droop is still the subject of debate. Some
studies have shown that often by neglecting the carrier leakage term (𝑓(𝑛)), Auger
recombination is the dominant process in efficiency droop due to extracted large C
coefficients [16]. On the other hand, groups that are considering the leakage term in the
equations have shown that the leakage is partially responsible for efficiency droop [17].
Thus, the community has not consented to a single cause for droop.
An entirely different approach that simultaneously considers both Auger process and
carrier leakage is essential to understand efficiency droop. In chapter 4 it will be shown
that although both carrier leakage and Auger recombination increase with increasing
current density, Auger recombination is the dominant cause of efficiency droop.
In the following sections, common methods used to measure carrier lifetime in order
to extract the unknown parameters of the ABC model are listed.
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1.6.2

Time-resolved photoluminescence (TRPL)

TRPL is the most common method to measure the carrier lifetime. It is done by
tracking the photoluminescence intensity as a function of time for various optical
pumping powers [18-20]. Carrier lifetime is then found by fitting the data to a monoexponential or bi-exponential decay function [20]. Carrier lifetime vs. 𝑛 is used to study
carrier dynamics of the LEDs. The pump wavelength is usually chosen so that it only
excites the QWs. Thus, carriers are resonantly generated and recombined in the QWs.
Although TRPL is well-established and common, there are several limitations with this
method. First, due to optical pumping, the carrier density in the QWs is hard to quantify
unless detailed absorption properties of the active region are known. Second, TRPL does
not capture the effect of carrier transport in cladding layers and subsequent interaction
between carriers in the cladding layers and the QWs [21]. Third, it is shown that although
carriers are generated resonantly in the QW, carrier escape does take place which it
would affect the studies using resonant pumping to study carrier dynamics [22]. Fourth,
TRPL does not achieve the flat-band conditions achieved under electrical injection,
resulting in a different electron-hole wavefunction overlap [23]. Thus, TRPL represents
an incomplete picture of dynamics of LEDs under electrical injection.
1.6.3

Previous small-signal methods

Small-signal methods have been previously used to obtain the DLT. An optical
technique is to small-signal modulate the intensity of the pump laser and track the phase
difference between the modulation signal and the PL signal. The phase delay is then
attributed to the DLT in the QW [24]. This method has most of the limitations that TRPL
faces including the difficulty in estimation of 𝑛 and neglecting of the transport effects.
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To more accurately characterize the DLT in electrically injected LEDs under typical
operating conditions, small-signal RF methods have previously been used. An early
method applied a time-variant small-signal modulation to the DC current and tracked the
phase difference between the input electrical signal and the modulated light output of the
LED [25, 26]. One limitation of this method is the assumption that the frequency
modulation bandwidth is only governed by the carrier recombination process [16, 27],
while studies have shown it is also affected by carrier transport [28-30]. An alternative
method to extract the carrier lifetime involves fitting of the small-signal impedance
characteristics to simple circuit models representing only the active region of the LED
[21, 26, 31]. However, by using extracted parameters from only the impedance data, one
cannot reconstruct the modulation response of the device. In addition, more recent
simulations have shown that transport effects should also be considered in the circuit
model [32]. David et al. recently included transport effects using a method similar to the
method developed in chapter 2 to study the temperature dependence of carrier
recombination and introduced Coulomb-enhanced capture as a new process in c-plane
InGaN LEDs [33].
Chapter 2 presents a powerful method considering all the carrier mechanisms under
electrical injection to study the DC and dynamic properties of III-nitride LEDs which
aids in the understanding of efficiency challenges and enables the design of high-speed,
high-efficiency LEDs. This differential method provides accurate information about the
differential carrier lifetimes, carrier density, and radiative and non-radiative rates in the
QW. Furthermore, a differential analysis of recombination rates instead of the ABC
model is used to study the droop phenomenon.
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1.7

Scope and organization of the dissertation
In addition to the introduction, this dissertation is organized into five chapters and

two appendices. Chapter 2 presents a small-signal method to characterize the III-nitride
LEDs. The RF measurement setup is described, and the results of the method are
validated. Different components of modulation bandwidth of LEDs are also investigated,
and bandwidth limitations are discussed.
Chapter 3 studies the high-speed InGaN/GaN LEDs. Based on the knowledge from
the previous chapter, DLT as the limiting element of modulation bandwidth is targeted
for design of high-speed LEDs. Thus, the dependency of DLT and modulation bandwidth
on crystal orientation is investigated, and then GHz-bandwidth LEDs operating at low
current densities are demonstrated on nonpolar GaN materials. Next, different active
region designs are studied for shorter DLT and higher modulation bandwidths. At the end
of this chapter, co-optimization of efficiency and bandwidth is discussed for two different
active region designs in semipolar LEDs.
Chapter 4 presents the determination of injection efficiency under electrical injection
and studies carrier and current distributions in the LED structure. Behavior of injection
efficiency is explained by studying the differential carrier lifetimes. Injection efficiency is
excluded as the primary cause of efficiency droop.
In chapter 5 a new method known as pulsed-RF measurement is developed to
characterize the LEDs under isothermal conditions. This technique was used to measure
the RF characteristics of the LEDs as a function of current density for elevated
temperatures. The differential analysis of the extracted carrier lifetimes resulted in
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calculation of carrier density and radiative and non-radiative recombination rates in the
QW. As a result, origins of efficiency and thermal droop are identified.
Chapter 6 consists of a conclusion of the dissertation and proposed future work. The
future work focuses on the development of efficient, high-speed LEDs for emerging
applications, digging more into physics of the carrier mechanisms, study of green gap,
and exploring how to expand/tailor this method to characterize other photonic devices
such as laser diodes (LDs), superluminescent diodes (SLDs), photodetectors (PDs), and
vertical-cavity surface-emitting lasers (VCSELs).
Appendix A gives the technical information on the RF setup. It gives useful tips for
future users of the RF setup that was developed for this dissertation. Tips are on operating
the network analyzer, calibration of the setup, noise cancelation techniques, and pulsedRF measurement. The components of the setup are also discussed.
Appendix B is focused on the growth, fabrication, and basic characterization of the
LEDs. Details of growth, surface roughness, and XRD results are discussed. Mask design
and fabrication processes are presented, and finally basic electrical characterization of the
LEDs are realized.
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Chapter 2 Small-signal RF method to study carrier dynamics in IIInitride LEDs

In this chapter, the framework of a unique method to study carrier dynamics of the
LEDs under electrical injection is laid out. This method will be used in the following
chapters to design high-speed LEDs for VLC applications, determine the injection
efficiency, and study the origins of efficiency and thermal droop. The focus of this
chapter is only on developing this characterization method. However, fabricated microLEDs are used as the target device to realize the technique. The details of growth and
fabrication of the LEDs will be discussed in chapter 3 and appendix B.
Using small-signal rate equations, a small-signal equivalent electrical circuit for IIInitride LEDs considering both recombination and transport effects is derived. The input
impedance and modulation response of the circuit are simultaneously fit to the measured
input impedance and modulation response of semipolar SQW InGaN/GaN micro-LEDs
on free-standing GaN. Nonlinear regression is used to achieve excellent fittings to the RF
data without pre-defining or assuming any parameters based on DC measurements. The
complete modulation response and impedance characteristics are reconstructed from the
model. The DLT and transport related parameters are obtained as a function of current
density for four different micro-LED sizes. Steady-state form of the rate equations is also
used to derive expressions for the circuit parameters. The fittings are validated by
checking the consistency of different parameters vs. current density and the LED
diameter. Then, approximations for the modulation response under low and high injection
levels are derived and showed that the leakage of carriers affects the modulation response
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of the device at low current densities. Only considering the recombination process for
predicting the modulation response introduces deviations from the full model, especially
at low injections. Additionally, at high current densities the DLT is separated and an RC
time constant related to transport effects is defined. Decoupling the effects of transport
and recombination on the modulation response is important to establish device designs
with low RC time constant and short recombination lifetime, which are both needed for
high-speed VLC applications.
2.1

Rate equations
Figure 10 shows the energy band diagram and dominant carrier mechanisms in the

LEDs under flat-band conditions. To consider the interaction between carriers in the
cladding layers and the QW in the analysis, two coupled rate equations are written for
these two regions. Single particle rate equations are considered by assuming electrons
dominate the carrier dynamics since hole leakage is small and hole transport between
QWs is not an issue in single QW LEDs. However, it will be shown that this model
excellently describes the characteristics of multi QW LEDs as well.
𝑁𝑤 and 𝑁𝑐 are the carrier number and 𝑉𝑤 and 𝑉𝑐 are the quasi fermi level separation
in the QW and cladding layers, respectively. 𝐼 is current injected into the cladding layers
and 𝐶𝑠𝑐

𝑑𝑉𝑐
𝑑𝑡

is the current required to charge the space charge capacitance of the junction

(𝐶𝑠𝑐 ). Injected carriers to the cladding layers (𝑁𝑐 ) are defused towards (𝜏𝑑𝑖𝑓𝑓 ) and
captured by (𝜏𝑐𝑎𝑝 ) the QW with experiencing a total transport delay of 𝜏𝑐 = 𝜏𝑐𝑎𝑝 + 𝜏𝑑𝑖𝑓𝑓 .
Carriers in the QW (𝑁𝑤 ) either recombine in the QW (e.g. SRH, radiative, or Auger) with
lifetime of 𝜏𝑟𝑒𝑐 or thermionically escape the QW (𝜏𝑡ℎ ). Carriers that are sitting in the
states above the QW can either overflow to the cladding layers with lifetime of (𝜏𝑜𝑓 ) or
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are captured by the QW through a Coulomb-enhanced capture process. The Coulombenhanced capture process is an interband carrier-carrier scattering process which opposes
leakage. It is typically observed at high current densities where the number of carriers in
the cladding layers is comparable with the number of carriers in the QW [1]. Therefore,
1

1

1

𝑡ℎ

𝑜𝑓

𝑐𝑜𝑢

the net escape lifetime is 𝜏𝑒𝑠𝑐 = (𝜏 + 𝜏 − 𝜏

)−1 where 𝜏𝑐𝑜𝑢 is the Coulomb-

enhanced capture lifetime. The escaped carriers can either recombine in the cladding
layers with lifetime of 𝜏𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 or are re-captured by the QW. The effect of re-captured
carriers is folded into 𝜏𝑐𝑎𝑝 which was described earlier. High energy carriers that
overshoot the QW either recombine in the cladding layers and their effect is included in
𝜏𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 or can be re-captured by the QW. These carriers do not directly alter the
population of carriers in the QW.

Figure 10: Energy band diagram and dominant carrier mechanisms in III-nitride LEDs.

Therefore, the rate equations governing carrier mechanisms in the QW and cladding
layers are as follows:
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𝑑𝑁𝑤 𝑁𝑐 𝑁𝑤
𝑁𝑤
=
−
−
𝑑𝑡
𝜏𝑐 𝜏𝑟𝑒𝑐 𝜏𝑒𝑠𝑐

(1)

𝑑𝑁𝑐 𝐼 𝐶𝑠𝑐 𝑑𝑉𝑐 𝑁𝑐 𝑁𝑤
𝑁𝑐
= −
−
+
−
𝑑𝑡
𝑞
𝑞 𝑑𝑡
𝜏𝑐 𝜏𝑒𝑠𝑐 𝜏𝑟𝑒𝑐,𝑐𝑙𝑎𝑑

(2)

2.2

Differential rate equations and circuit derivation
To obtain the differential form of rate equations, it is assumed that a small

perturbation is added to the DC bias current. This leads to a perturbation in the carrier
number in the QW (𝑁𝑤 ) and in the cladding layers (𝑁𝑐 ), and voltages applied to those
regions (𝑉𝑤 and 𝑉𝑐 ). Therefore, associated lifetimes are lifetimes of perturbed carriers
which are called differential carrier lifetimes. In general,

𝑑𝑅

1

= 𝜏 where 𝑑𝑅 and 𝑑𝑁 are
𝑑𝑁
∆

perturbations in rate and carrier density, respectively, and 𝜏∆ is the DLT. Therefore, the
differential forms of Equation (1) and (2) are as follows [2]:
𝑑
𝑑𝑁𝑐 𝑑𝑁𝑤 𝑑𝑁𝑤
(𝑑𝑁𝑤 ) =
−
−
𝑑𝑡
𝜏𝛥𝑐 𝜏𝛥𝑟𝑒𝑐 𝜏𝛥𝑒𝑠𝑐

(3)

𝑑
𝑑𝐼 𝐶𝑠𝑐 𝑑
𝑑𝑁𝑐 𝑑𝑁𝑤
𝑑𝑁𝑐
(𝑑𝑁𝑐 ) = −
(𝑑𝑉𝑐 ) −
+
−
𝑑𝑡
𝑞
𝑞 𝑑𝑡
𝜏𝛥𝑐 𝜏𝛥𝑒𝑠𝑐 𝜏𝛥𝑟𝑒𝑐,𝑐𝑙𝑎𝑑

(4)

Where 𝑑𝐼, 𝑑𝑁𝑤 , 𝑑𝑁𝑐 , and 𝑑𝑉𝑐 are small-signal perturbation in the bias current, carrier
number in the QW, carrier number in the cladding layers, and voltage applied to the
cladding layers, respectively. In small-signal RF measurements, the small-signal bias
current is in the form of 𝑑𝐼 = 𝑖(𝜔) = 𝑖𝑒 𝑗𝜔𝑡 where 𝜔 is the RF frequency, 𝑡 is time, and 𝑖
is the amplitude of the small-signal bias current. Therefore, the small-signal voltage
applied to the cladding layers is 𝑑𝑉𝑐 = 𝑣𝑐 (𝜔) = 𝑣𝑐 𝑒 𝑗𝜔𝑡 . To obtain the form of
perturbation in carrier numbers, the following procedure is taken. The quasi-fermi level
separation in the cladding layers (𝑉𝑐 ) is assumed to be flat far from the junction and it is
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determined by the applied voltage [3]. 𝑉𝑐 is related to the carrier number in the cladding
layers through Boltzmann statistics by
𝑁𝑐 ∝ 𝑒

𝑉𝑐
⁄𝑚𝑉
𝑇

(5)

𝑁𝑐 is the total number of carriers generated in the cladding layers. 𝑉𝑇 = 𝐾𝑇/𝑞 is thermal
voltage, 𝐾 is Boltzmann constant, 𝑇 is temperature, 𝑞 is electron charge, and 𝑚 is ideality
factor of the diode. The applied small-signal bias causes a perturbation in the carrier
population in the cladding which can be found using the linearization of Equation (5) as
follows:
𝑁𝑐0 ∝ 𝑒

𝑉𝑐0
⁄𝑚𝑉
𝑇

𝑁𝑐 (ω) ∝ 𝑒

(6)

𝑉𝑐0 +𝑣𝑐 (𝜔)
⁄𝑚𝑉
𝑇

𝑁𝑐 (ω) ≈ 𝑁𝑐0 [1 +

𝑁𝑐 (ω) ≈ 𝑁𝑐0 +

(7)

𝑣𝑐 (𝜔)
]
𝑚𝑉𝑇

(8)

𝑁𝑐0 𝑣𝑐 (𝜔)
= 𝑁𝑐0 + 𝑛𝑐 (𝜔)
𝑚𝑉𝑇

(9)

Here, parameters with subscript 0 refer to their steady-state value. 𝑛𝑐 (𝜔) = 𝑛𝑐 𝑒 𝑗𝜔𝑡 =
𝑑𝑁𝑐 is the total number of perturbed carriers in the cladding layers. The small-signal
carrier number depends on both the small-signal applied voltage and the steady-state total
number of carriers in the cladding layers, according to Equation (9). Using Equation (9)
and knowing charge divided by voltage is equal to capacitance, we can write
𝑣𝑐 (𝜔) =

𝑞𝑛𝑐 (𝜔)
𝐶𝑐

(10)

𝑞𝑁𝑐0

(11)

Where 𝐶𝑐 =

𝑚𝑉𝑇
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𝐶𝑐 is the capacitance associated with the steady-state carriers in the cladding layers.
Analogously, the small-signal modulating voltage applied to the QW region is the smallsignal charge associated with the perturbed carriers in the QW (𝑛𝑤 (𝜔)) divided by the
capacitance associated with the steady-state carriers in the QW (𝐶𝑤 )
𝑣𝑤 (𝜔) =

𝑞𝑛𝑤 (𝜔)
𝐶𝑤

(12).

Where 𝑛𝑤 (𝜔) = 𝑛𝑤 𝑒 𝑗𝜔𝑡 = 𝑑𝑁𝑤 is the total number of perturbed carriers in the QW.
To derive the intrinsic small-signal equivalent circuit, and hence, the intrinsic input
impedance and modulation response of the LEDs, Equation (3) and (4) are written in the
small-signal form by considering 𝑑𝐼 = 𝑖𝑒 𝑗𝜔𝑡 , 𝑑𝑉𝑐 = 𝑣𝑐 𝑒 𝑗𝜔𝑡 , 𝑑𝑁𝑤 = 𝑛𝑤 𝑒 𝑗𝜔𝑡 , and 𝑑𝑁𝑐 =
𝑛𝑐 𝑒 𝑗𝜔𝑡 .
𝑗𝜔𝑛𝑤 =

𝑛𝑐
1
1
−[
+
]𝑛
𝜏∆𝑐
𝜏∆𝑟𝑒𝑐 𝜏∆𝑒𝑠𝑐 𝑤

(13)

𝑗𝜔𝑛𝑐 =

𝑖
𝐶𝑠𝑐 𝑛𝑐
𝑛𝑤
𝑛𝑐
− 𝑗𝜔𝑣𝑐
−
+
−
𝑞
𝑞
𝜏∆𝑐 𝜏∆𝑒𝑠𝑐 𝜏∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑

(14)

Using Equations (10) and (12). Equations (13) and (14) can be re-written based on 𝑣𝑤
and 𝑣𝑐 in a matrix format as follows:
𝐶𝑤
𝐶𝑤
+
𝜏∆𝑟𝑒𝑐 𝜏∆𝑒𝑠𝑐
𝐶𝑤
−
𝜏∆𝑒𝑠𝑐

𝑗𝜔𝐶𝑤 +

(

𝐶𝑐
𝑣𝑤
𝜏∆𝑐
0
(
𝑣𝑐 ) = (𝑖 )
𝐶𝑐
𝐶𝑐
𝑗𝜔(𝐶𝑐 + 𝐶𝑠𝑐 ) +
+
𝜏∆𝑐 𝜏∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑
)
−

(15).

Other parameters can be defined as follows:
𝑅𝑤 =

𝜏∆𝑟𝑒𝑐
𝐶𝑤

(16)

𝑅𝑐 =

𝜏∆𝑐
𝐶𝑐

(17)
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𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 =

𝜏∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑
𝐶𝑐

(18)

𝑅𝑤 , 𝑅𝑐 , and 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 are defined as the resistance due to the steady-state carriers in the
QW, cladding layers, and carriers that recombine in the cladding layers, respectively.
Therefore, Matrix (15) can be re-written as
1
𝐶𝑤
+
𝑅𝑤 𝜏∆𝑒𝑠𝑐
𝐶𝑤
−
𝜏∆𝑒𝑠𝑐

𝑗𝜔𝐶𝑤 +

(

1
𝑣𝑤
𝑅𝑐
0
(
𝑣𝑐 ) = (𝑖 )
1
1
𝑗𝜔(𝐶𝑐 + 𝐶𝑠𝑐 ) + +
𝑅𝑐 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑
)
−

(19).

Due to the linear nature of the circuit for a diode under forward bias and according to
linear circuit theory, Matrix (19) is equivalent to an electrical circuit for the LED with
two nodes in addition to the ground node. Linear circuit theory also requires the nondiagonal elements of the admittance Matrix of the circuit to be equal. This implies
−𝜏

𝐶𝑤
∆𝑒𝑠𝑐

1

= − 𝑅 which results in
𝑐

𝜏∆𝑒𝑠𝑐 = 𝑅𝑐 𝐶𝑤

(20)

𝜏∆𝑒𝑠𝑐
𝜏∆𝑐

(21)

𝐶𝑤 = 𝐶𝑐

Based on the recent definitions, the final form of Matrix (19) is
1
1
+
𝑅𝑤 𝑅𝑐
1
−
𝑅𝑐

𝑗𝜔𝐶𝑤 +

(

1
𝑣𝑤
𝑅𝑐
0
(𝑣 ) = ( )
1
1
𝑐
𝑖
𝑗𝜔(𝐶𝑐 + 𝐶𝑠𝑐 ) + +
𝑅𝑐 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑
)
−

(22).

Matrix (22) yields the small-signal intrinsic equivalent circuit of the LED shown in
Figure 11(a). There are two nodes in addition to the ground node in this circuit (𝑣𝑤 and
𝑣𝑐 ). The non-diagonal elements of matrix (22). is the admittance connected to both nodes
1

(𝑅 ) whereas the diagonal elements are admittances shared by each individual node and
𝑐
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the ground node. To consider the parasitic effects from the finite conductance of the
semiconductor layers, semiconductor-metal contact resistance, and capacitance between
the metal contacts, a parasitic series resistance and a parasitic parallel capacitance can be
added to the intrinsic circuit as shown in Figure 11(b). Since the measurements and
analysis are demonstrated on micro-LEDs in this dissertation, parasitic parallel
capacitance can be neglected due to the small size of the device and to avoid further
complexity of the circuit. The intrinsic input impedance and intrinsic modulation
response can be derived from Matrix (22) as

𝑣𝑐 (𝜔)
𝑖(𝜔)

and

𝑣𝑤 (𝜔)
𝑣𝑐 (𝜔)

, respectively. The effect of

parasitic series resistance 𝑅𝑠 can be added to the intrinsic responses manually. The input
impedance and modulation response of the LED can be also obtained from the circuit of
Figure 11(b) as 𝑍𝑖𝑛 (𝜔) =

𝑣𝑖𝑛 (𝜔)
𝑖𝑖𝑛 (𝜔)

and 𝐻(𝜔) =

𝑣𝑜𝑢𝑡 (𝜔)
𝑣𝑖𝑛 (𝜔)

, respectively.

Figure 11 (a) The small-signal intrinsic equivalent circuit of the LED. (b) The intrinsic equivalent
circuit of the LED with parasitic elements added.

By neglecting 𝐶𝑝 in micro-LEDs, Equation (23) and (24) are the input impedance and
modulation response of the LEDs, respectively.
𝑍𝑖𝑛 (𝜔) = 𝑅𝑠 +

𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 (𝑅𝑤 + 𝑅𝑐 (1 + 𝑗𝜔𝜏∆𝑟𝑒𝑐 ))
(1 + 𝑗𝜔𝜏∆𝑟𝑒𝑐 ) (𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 + 𝑅𝑐 (1 + 𝑗𝜔𝜏∆0 )) + 𝑅𝑤 (1 + 𝑗𝜔𝜏∆0 )
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(23)

𝐻(𝜔)
=

(24)
𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 𝑅𝑤

𝑅𝑠 (𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 (1 + 𝑗𝜔𝜏∆𝑟𝑒𝑐 ) + 𝑅𝑐 (1 + 𝑗𝜔𝜏∆0 )(1 + 𝑗𝜔𝜏∆𝑟𝑒𝑐 ) + 𝑅𝑤 (1 + 𝑗𝜔𝜏∆0 ))

…

…

𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 𝑅𝑤
1
+𝑅𝑐 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 (1 + 𝑗𝜔𝜏∆𝑟𝑒𝑐 ) + 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 𝑅𝑤

where 𝜏∆0 = 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 (𝐶𝑐 + 𝐶𝑠𝑐 ) = 𝜏∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 + 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 𝐶𝑠𝑐 .
2.3

Steady-state rate equations
Equation (1) and (2) under steady-state condition yield expressions for the injection

efficiency and resistances in Figure 11(b). Injection efficiency is current associated with
the recombination in the QW (𝐼𝑤 =

𝑞𝑁𝑤
𝜏𝑟𝑒𝑐

) divided by total injected current (𝐼). Solving

Equation (1) and (2) injection efficiency (𝜂𝑖𝑛𝑗 ) is

𝜂𝑖𝑛𝑗

𝑞𝑁𝑤
𝐼𝑊
𝜏
=
= 𝑟𝑒𝑐 =
𝐼
𝐼
1+

(25)

1
𝜏𝑐
𝜏
(1 + 𝑟𝑒𝑐 )
𝜏𝑟𝑒𝑐,𝑐𝑙𝑎𝑑
𝜏𝑒𝑠𝑐

The determination of injection efficiency will be discussed in detail in chapter 4.
The 𝑅𝑤 , 𝑅𝑐 , and 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 are also found using Equation (1), (2), (11), (16), (17), (18),
and (21) as
𝑅𝑤 =

𝑚𝑉𝑇 𝜏∆𝑟𝑒𝑐 𝜏𝑐
𝐼 𝜂𝑖𝑛𝑗 𝜏𝑟𝑒𝑐 𝜏𝑒𝑠𝑐

(26)

𝑅𝑐 =

𝑚𝑉𝑇
𝜏∆𝑐
𝐼 (1 − 𝜂𝑖𝑛𝑗 )𝜏𝑟𝑒𝑐,𝑐𝑙𝑎𝑑

(27)

𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 =

𝑚𝑉𝑇
𝜏∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑
𝐼 (1 − 𝜂𝑖𝑛𝑗 )𝜏𝑟𝑒𝑐,𝑐𝑙𝑎𝑑

(28)

All the resistances are inversely proportional to the bias current and consequently the
device area. These dependencies are checked with the results of the fittings in the
1

The denominator of the equation is broken into two parts to fit the page.

32

following sections. Consistency of the extracted parameters with their corresponding
expressions is also a way of validating the fittings and more importantly the method.
2.4

Small-signal RF measurements
Small-signal RF measurements are used to measure the input impedance and

modulation response of the LEDs. Simultaneously fitting of the input impedance and
modulation response of the circuit in Figure 11(b) to the measured input impedance and
modulation response of the LEDs yield different differential carrier lifetimes and circuit
parameters. In this section, first the RF setup and measurements and then fitting of the
equations to the measured data are described.
The LEDs were biased at various DC current densities and modulated with a smallsignal voltage (0 dBm) provided by port 1 of a network analyzer (NA) (Agilent PNA-X
N5247A). The frequency of the small signal was swept from 10 MHz to 2 GHz. The
LEDs were probed using a micro-RF ground-signal-ground probe (ACP40-GSG-150,
Cascade Microtech, Inc.) and the modulated output light was fiber coupled and collected
into a high-speed photodetector (DET025AFC, Thorlabs, Inc.). A low noise amplifier
(PE15A1009, Pasternack Enterprises) was used to amplify the signal received by the
photodetector, which was then coupled into port 2 of the NA to determine the modulation
response (S21). The real and imaginary parts of the impedance were extracted from the
measured reflection coefficient (S11), which was collected over the same frequency range
as S21. These measurements were carried out for devices with circular diameters of 50,
60, 70, and 80 µm and for current densities ranging from 10 A/cm2 to 4 kA/cm2.
Technical details on the measurement setup including the operation of the NA,
calibration procedure, and noise cancellation techniques that are required to ensure a
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good signal to noise ratio are presented in appendix A. Figure 12 shows schematic of the
RF setup.

Figure 12: RF measurement setup for measuring the input impedance and modulation response of
the LEDs.

Simultaneously, the real and imaginary parts of Equation (23) are fit to the impedance
data and the 20𝑙𝑜𝑔 of absolute value of Equation (24) is fit to the modulation response
(i.e.,

the

electrical

power

received

by

the

NA

in

Figure

13(b)).

Here,

20𝑙𝑜𝑔(𝑣𝑜𝑢𝑡 (𝜔)⁄𝑣𝑖𝑛 (𝜔)) = 10𝑙𝑜𝑔(𝑝𝑜𝑢𝑡 (𝜔)⁄𝑝𝑖𝑛 (𝜔)), where 𝑝𝑖𝑛 and 𝑝𝑜𝑢𝑡 are the
electrical powers transmitted and received at ports 1 and 2 of the NA, respectively. Using
this method, both the impedance and modulation response can be re-constructed by the
obtained parameters. Nearly perfect fittings with high R-squared values of above 0.95
were achieved, from which the parameters in the circuit model can be found. Figure 13(a)
and (b) show examples of the simultaneous fitting of Equation (23) and (24) to the
impedance and modulation response data, respectively.
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Figure 13: Simultaneous fitting of (a) real and imaginary parts of Equation (23) to the impedance
data and (b) 20𝑙𝑜𝑔(absolute value of Equation (24)) to the measured modulation response of a
70-µm-diameter device at a current density of 1 kA/cm2.

2.5

Results of the fittings and validation of the method
The parameters directly extracted from the fittings are 𝑅𝑐 , 𝑅𝑤 , 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 , 𝜏∆𝑟𝑒𝑐 , and

𝜏∆0 , according to Equation (23) and (24). Knowing these parameters, 𝐶𝑐 + 𝐶𝑠𝑐 and 𝐶𝑤 are
found. 𝑅𝑠 is obtained as the real part of the impedance data at high frequencies where the
rest of the elements of the circuit of Figure 11(b) are shorted. The real part of the
impedance approaching a constant number in Figure 13(a) is also an indication of 𝑅𝑠 .
Additionally, consistency of the extracted parameters with current density and LED
diameter is checked to validate the method.
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2.5.1

Diode resistance and capacitance

Figure 14 shows 𝑅𝑐 as a function of current density and LED diameter as derived
from the fittings for the LEDs. An inverse relation between 𝑅𝑐 and the bias current is
observed from Figure 14(a), which agrees with the relation derived earlier in Equation
1

(27). In Equation (27) 𝑅𝑐 ∝ 𝐼 which implies that 𝑅𝑐 is inversely proportional to the bias
0

current density and the LED area. Figure 14(b) shows 𝑅𝑐 as a function of LED diameter
for four different current densities. 𝑅𝑐 excellently scales with the LED diameter. These
consistencies with the independently derived Equation (27) validate the study. Moreover,
the behavior of 𝑅𝑐 is consistent with the expected physical dependency of the resistance
related to the number of carriers in the cladding layers.

Figure 14: 𝑅𝑐 , resistance due to the unconfined carriers in the cladding region (a) as a function of
current density for four different device diameters and (b) as a function of LED diameter for four
1
different current densities. Red line is fit of 2 to the extracted data where 𝑑 is the LED diameter.
𝑑

Figure 15(a) shows the total capacitance of the unconfined carriers in the cladding
and space charge regions for devices of different diameters at various current densities.
The capacitance increases with larger LED diameter as expected. Furthermore, the

36

capacitance increases almost linearly with applied current density which is consistent
with the derived expression for 𝐶𝑐 in Equation (11).
According to Figure 15(a), the capacitance at very low current densities is almost
constant. This approximately constant capacitance is assumed to be the space charge
capacitance of the diode. However, with increasing bias current, capacitance due to
diffusion and capture process becomes dominant. Figure 15(b) shows the dependency of
𝐶𝑠𝑐 on the LED diameter (considering 𝐶𝑠𝑐 as the capacitance at the lowest current
density). 𝐶𝑠𝑐 is proportional to the LED area.

Figure 15: (a) 𝐶𝑐 + 𝐶𝑠𝑐 , total capacitance of the unconfined carriers in the cladding regions and
capacitance of space charge regions for devices of different diameters at various current densities.
(b) 𝐶𝑠𝑐 , the space charge capacitance of the junction for different LED diameters. Red line is fit
of 𝑑2 to the extracted data where 𝑑 is the LED diameter.

Figure 16 shows 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 as a function of current density for different LED
diameters. 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 is inversely proportional to the current density and LED area
according to Equation (28). These dependencies appear in the extracted 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 from the
fitting shown in Figure 16. However, 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 tends to increase slightly at high current
densities which is attributed to the carrier lifetimes in Equation (28). This increase in
𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 is an indication that the number of differential carriers that recombine in the
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cladding layers is reducing. This is consistent with the Coulomb-enhanced capture
process which it is observed at high current densities and opposes carrier escape from the
QW [1]. This effect is reflected in the differential carrier escape time which will be
discussed in section 2.5.4.
Compared with 𝑅𝑐 , 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 has much larger values indicating that the ratio of the
carriers that recombine in the cladding layers to the carriers that are present in the
cladding layers is small. This is due to the fact that recombination in the cladding layers
is negligible (e.g. hole concentration in the n-GaN layer is very small leading to low
recombination of electrons).

Figure 16: 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 , resistance associated with the unconfined carriers that recombine in the
cladding layers.

2.5.2

Parasitic series resistance

Figure 17 shows the parasitic series resistance for the LEDs operating at various
current densities. Dependency of the series resistance on the device size and current
density are notable. The parasitic series resistance generally increases for smaller
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diameter LEDs as expected. The parasitic series resistance depends upon the contact
resistance, p-GaN diameter, and n-GaN area and thickness. We also note that the parasitic
series resistance exhibits a weak dependence on current density. This may be attributed to
non-ohmic contacts, which show reduced resistance at higher current densities, and to
current crowding at higher current densities[4]. The parasitic series resistance is where
the electrical power is dissipated in the LED leading to self-heating effect. Therefore,
access to parasitic series resistance at different current densities for different device
geometries aids in the design of LEDs with high wall-plug efficiency and heat
management for commercial purposes.

Figure 17: Parasitic series resistance due to the p and n-GaN layers and metal pads for different
device diameters.

2.5.3

Differential carrier lifetime

Figure 18 shows the extracted DLT (𝜏∆𝑟𝑒𝑐 ) for the LEDs at various current densities.
The carrier lifetime decreases with increasing current (carrier) density due to the increase
in the recombination rate with carrier density. This behavior is in good agreement with an
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ABC model describing carrier loss mechanisms in GaN devices [5]. Though all the
devices have the same active region, the DLTs are not the same for each device diameter.
Larger diameters exhibit slightly shorter lifetimes and higher modulation bandwidths.
This remains the subject of investigation but may be due to non-uniform current
spreading in larger diameter devices, which causes the effective current density to be
higher in regions close to the metal pads, thus reducing the carrier lifetime [4].

Figure 18: DLT as function of current density for different LED diameters.

2.5.4

Differential carrier escape time

Figure 19 shows the differential carrier escape time from the QW. According to
Equation (20), the escape time is dependent on carriers in both the cladding and QW
regions through 𝑅𝑐 and 𝐶𝑤 , respectively. The net differential carrier escape time slightly
reduces with increasing current density at low injection levels but increases at higher
injection levels and eventually becomes negative around 3 kA/cm2. The initial reduction
of the differential escape time (𝜏∆𝑒𝑠𝑐 ) was previously attributed to the leakage of carriers
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from the active region into the cladding, increasing the escape rate (𝜏∆𝑐𝑜𝑢 > 𝜏∆𝑙𝑒𝑎𝑘 ) [6].
With higher injection, the population of unconfined carriers in the cladding layer
increases, resulting in Coulomb-enhanced capture that causes the net escape rate to
reduce and eventually become negative (𝜏∆𝑙𝑒𝑎𝑘 > 𝜏∆𝑐𝑜𝑢 ) [1]. In chapter 4, the total carrier
numbers in the QW and cladding layers are calculated and showed that the onset of the
negative escape time is where the number of unconfined carriers in the cladding becomes
comparable to the number of the confined carriers in the QW.

Figure 19: Differential carrier escape time from the QW as a function of current density for
different LED diameters. Open symbols when the escape time is positive (leakage dominant) and
closed symbols when the escape time is negative (Coulomb-enhanced capture dominant).

2.5.5

Differential recombination lifetime in cladding

Figure 20 shows 𝜏∆0 as a function of current density for different LED diameters. 𝜏∆0
is

𝜏∆0 = 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 (𝐶𝑐 + 𝐶𝑠𝑐 ) = 𝜏∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 + 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 𝐶𝑠𝑐

where

𝜏∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑

is

the

differential recombination lifetime in cladding layers. 𝜏∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 cannot be determined
unless 𝐶𝑠𝑐 is known. According to Figure 15(b), 𝐶𝑠𝑐 can be estimated as the value of 𝐶𝑐 +
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𝐶𝑠𝑐 at very low current densities. In chapter 4, 𝜏∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 is derived using this method to
enable extraction of carrier number in the cladding layers. 𝜏∆0 initially decreases due to
𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 reducing with increasing current density but eventually starts to increase with
current density due to increase of

𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 at high current densities. As minority

electrons build up in the UID cladding between the QW and EBL (where a high hole
population exists from the EBL doping and hole injection from the p-side), some holes
are lost through recombination with the minority electrons, making fewer holes available
for subsequent electrons to recombine with, increasing the electron lifetime in the
cladding.

Figure 20: 𝜏∆0 as a function of current density for different LED diameters.

2.6

Modulation response: components and limitations
Modulation bandwidth is one of the two main characteristics of high-speed LEDs for

VLC applications. Thus, it is important to identify the limiting factors of the modulation
response to enable the design of high-speed LEDs. To further investigate the modulation
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response and determine the limiting factors in the -3dB bandwidth, deeper study of the
transfer function is needed. In this section, approximations for modulation response at
low and high current density regimes are proposed. The modulation response of the LED
in Equation (24) can be rearranged and written in the form of Equation (29) as

𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 𝑅𝑤
𝑅𝑠 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 + 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 𝑅𝑐 + 𝑅𝑠 𝑅𝑐
𝐻(𝜔) =
…
𝑅𝑠 𝑅𝑐
(1 + 𝑗𝜔𝜏∆𝑟𝑒𝑐 ) (1 + 𝑗𝜔
𝑅𝑠 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 + 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 𝑅𝑐 + 𝑅𝑠 𝑅𝑐 𝜏∆0 )

(29)

𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 𝑅𝑤
𝑅𝑠 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 + 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 𝑅𝑐 + 𝑅𝑠 𝑅𝑐
2
…
𝑅𝑠 𝑅𝑤 + 𝑅𝑤 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑
𝑅𝑠
+𝑅 𝑅
(1 + 𝑗𝜔 𝑅 + 𝑅
𝜏∆0 )
𝑠 𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 + 𝑅𝑟𝑒𝑐,𝑐𝑎𝑙𝑑 𝑅𝑐 + 𝑅𝑠 𝑅𝑐
𝑠
𝑟𝑒𝑐,𝑐𝑙𝑎𝑑
The numerator of Equation (29) is a constant and it is normalized out in the
measurements

and

fittings.

𝑅𝑠 𝑅𝑐
𝑅𝑠 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 +𝑅𝑟𝑒𝑐,𝑐𝑎𝑙𝑑 𝑅𝑐 +𝑅𝑠 𝑅𝑐

For

, 𝛽=𝑅

simplicity,

the

𝑅𝑠 𝑅𝑤 +𝑅𝑤 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑

𝑠 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 +𝑅𝑟𝑒𝑐,𝑐𝑎𝑙𝑑 𝑅𝑐 +𝑅𝑠 𝑅𝑐

unitless

, and 𝛾 = 𝑅

parameters
𝑅𝑠

𝑠 +𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑

𝛼=

are defined.

There are three elements in the denominator of Equation (29) which contribute to the LED
bandwidth. (1 + 𝑗𝜔𝜏∆𝑟𝑒𝑐 ) is related to carrier recombination, (1 + 𝑗𝜔𝛼𝜏∆0 ) depends on
diode parameters and device parasitic elements, and 𝛽(1 + 𝑗𝜔𝛾𝜏∆0 ) is a combination of
both. In addition to the 𝜏∆𝑟𝑒𝑐 and 𝜏∆0 , 𝛼, 𝛽, and 𝛾 also affect the modulation response at
different current densities. To better understand their role in the modulation response, their
values are plotted for an LED with diameter of 70 µm at various current densities in Figure
21.

𝛼

and

𝛾

have

𝑅𝑠 𝑅𝑐
𝑅𝑠 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 +𝑅𝑟𝑒𝑐,𝑐𝑎𝑙𝑑 𝑅𝑐 +𝑅𝑠 𝑅𝑐

2

similar
=

values

at

𝑅𝑠
𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑
𝑅𝑠
+𝑅𝑟𝑒𝑐,𝑐𝑎𝑙𝑑 +𝑅𝑠
𝑅𝑐

low

current

due

to

𝛼=

≈ 𝛾 and 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 ≈ 𝑅𝑐 ≫ 𝑅𝑠 at low

The denominator of the equation is divided into two parts to fit the page.
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densities

current densities.
At low current densities (e.g. below 500 A/cm2), 𝛼 and 𝛾 are much smaller than 𝛽 and
are almost zero which results in (1 + 𝑗𝜔𝛼𝜏∆0 ) ≈ 1, and 𝛽(1 + 𝑗𝜔𝛾𝜏∆0 ) ≈ 𝛽. Additionally,
𝛽 can be approximated as 𝛽 = 𝑅

𝑅𝑠 𝑅𝑤 +𝑅𝑤 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑

𝑠 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 +𝑅𝑟𝑒𝑐,𝑐𝑎𝑙𝑑 𝑅𝑐 +𝑅𝑠 𝑅𝑐

=

𝑅𝑤

(𝑅𝑠 +𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 )

𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑
𝑅𝑐 (𝑅 +𝑅
𝑠
𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 )+𝑅𝑠
𝑅𝑐

≈

𝑅𝑤
𝑅𝑐

since at low current densities 𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 ≈ 𝑅𝑐 ≫ 𝑅𝑠 . According to Equation (16) and (20),
𝑅𝑤
𝑅𝑐

=

𝜏∆𝑟𝑒𝑐
𝜏∆𝑒𝑠𝑐

and therefore, Equation (29) can be approximated as

𝐻(𝜔) ∝
(𝑗𝜔 + 𝜏

1
1
∆𝑟𝑒𝑐

(30)
+𝜏

1
∆𝑒𝑠𝑐

)

Equation (30) is a single-pole system that indicates the modulation response at low
current density is dependent on DLT and differential carrier escape time. Therefore, at
low current densities a device with high carrier leakage can have high modulation
bandwidth. Of course, this is not ideal, and one would want the epitaxial structure to be
efficient in containing the carriers in the active region, so they contribute to the radiative
process. Thus, co-optimization of bandwidth and efficiency is essential, and this is the
main motivation behind the discussion in section 3.4. On the other hand, at high current
densities, 𝛽 becomes almost zero and results in 𝛽(1 + 𝑗𝜔𝛾𝜏∆0 ) ≈ 0. Thus, Equation (29)
at high current densities is approximated as
𝐻(𝜔) ∝

1
(1 + 𝑗𝜔𝜏∆𝑟𝑒𝑐 )(1 + 𝑗𝜔𝛼𝜏∆0 )

(31)
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Figure 21: Resistance factors 𝛼, 𝛽, and 𝛾 calculated as a function of current density for an LED
with diameter of 70 µm.

According to (31), the modulation response of the LED is a two-pole system at high
current densities. The modulation bandwidth is limited by both DLT and diode and
parasitic parameters in 𝛼𝜏∆0 , which it is defined as 𝜏𝑅𝐶 = 𝛼𝜏∆0 (RC time constant). For
VLC applications the size of the LED is important since smaller devices have lower RC
effects and high modulation bandwidth, but the output power is lower and bit error rate
(BER) is higher. Therefore, based on the design requirements, RC time constant can
determine the size of the LED for a desired bandwidth and output power.
At low current densities, Figure 22 shows that the RC time constant 𝜏𝑅𝐶 (~0.1 𝑛𝑠) is
much shorter than 𝜏∆𝑟𝑒𝑐 (~1 𝑛𝑠) (Figure 18) for these devices and higher for larger
diameters, as expected. The short RC time constant shows that the frequency modulation
bandwidth at low current densities is mainly limited by the DLT and carrier leakage in
the present micro-LEDs with diameters below 100 m. However, at high current
densities or for active region designs with shorter DLTs or for LEDs with larger
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diameters, the RC time constant and DLT will approach the same order of magnitude,
making the consideration of RC characteristics critical in predicting the bandwidth
performance.

Figure 22: RC time constant of LEDs with different sizes at various current densities.

In this chapter, a small-signal RF method was developed to characterize DC and
dynamic properties of the III-nitride LEDs considering various carrier mechanisms in the
LED such as carrier diffusion, capture, recombination, and escape. The method provides
a more complete picture about the carrier dynamics compared to previous small-signal
methods. Differential rate equation analysis lead to the extraction of an equivalent
electrical circuit for the LEDs. Simultaneously fitting of input impedance and modulation
response of the circuit to the measured input impedance and modulation response of the
LEDs resulted in the extraction of DLT, differential carrier escape time, recombination
lifetime in the cladding layers, and circuit parameters. The consistency of the extracted
lifetimes and parameters was checked with current density and LED diameter to validate
the model. Finally, approximations for modulation response of the LED at high and low
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injections were proposed and an RC time constant representing diode parameters and
LED parasitic was introduced.
In the next chapter, the information from this chapter is used to design high-speed
LEDs. Since the modulation bandwidth in current LEDs is mainly dominated by DLT, in
the next chapter, the focus is on the reduction of DLT in order to improve the modulation
bandwidth. Devices with high bandwidth operating at low current densities are desired,
especially to avoid efficiency droop for VLC applications. In chapters 4 and 5, the focus
is on exploring the efficiency issues in III-nitride LEDs. The extracted lifetimes are
analyzed to determine the injection efficiency of the LEDs and investigate the origins of
efficiency and thermal droop.
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Chapter 3 High-speed InGaN/GaN LEDs

In this chapter, the information from previous chapter is used to design high-speed
LEDs for VLC applications. In the previous chapter, it was found that modulation
bandwidth in LEDs with diameters less than 100 µm is mainly limited by the DLT. In
this chapter, techniques to reduce the DLT are explored. First, the effect of crystal
orientation on the DLT and modulation bandwidth of the GaN LED is studied. Second,
high-speed LEDs with modulation bandwidths above one GHz operating at low current
densities are demonstrated on nonpolar GaN. Third, LEDs with different QW designs are
investigated using rate equation analysis and are demonstrated on c-plane GaN materials.
In the last section, co-optimization of bandwidth and efficiency is investigated for two
different active region designs on efficient semipolar LEDs with GHz bandwidth. The
last section also introduces a bandwidth-efficiency figure of merit which can be useful for
design of efficient high-speed LEDs in future studies.
3.1

Impact of crystal orientation on the modulation bandwidth
High quantum efficiency and fast modulation response at relatively low current

densities are needed for InGaN/GaN light-emitting diodes (LEDs) to be used in VLC,
plastic optical fiber (POF) communication, and underwater optical communication
(UWOC). High current densities (5-10 kA/cm2) are typically needed to reduce the carrier
lifetime and achieve a high modulation bandwidth with c-plane InGaN/GaN LEDs.
However, high operating current densities are detrimental because of the resulting
efficiency droop. Thus, methods to reduce the current density for a given modulation
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bandwidth are of substantial interest since higher quantum efficiency could be achieved
for a given bandwidth.
LEDs on nonpolar and semipolar orientations are potential candidates for achieving
higher bandwidth at lower current density due to their larger electron-hole wavefunction
overlaps and shorter carrier lifetimes [1-4]. The electron-hole wavefunction overlap in
QWs on different orientations was discussed in section 1.4.1. In addition, particular
semipolar orientations (e.g., semipolar (202̅1̅)) show very little efficiency droop, which
was previously explained by a higher ratio of radiative to Auger recombination
coefficients [5]. Nevertheless, there are no studies comparing the modulation responses
for polar, nonpolar, and semipolar LEDs. Such studies would provide valuable
information about which orientations are best suited to maximize speed at reasonably low
current densities. In this section, the bandwidth vs. current density (𝐽) characteristics for
polar (0001), semipolar (202̅1̅), and nonpolar (101̅0) LEDs are experimentally
compared for devices with a circular diameter of 60 µm. Clear trends are observed in the
slopes (𝑑𝑓3𝑑𝐵 /𝑑𝐽) and y-intercepts of the modulation bandwidth vs. current density
curves for the three orientations. The nonpolar and semipolar LEDs exhibit higher
bandwidths at lower current densities, but lower (𝑑𝑓3𝑑𝐵 /𝑑𝐽) slopes at high current
densities (where screening starts to occur), compared to the polar (0001) LEDs. The
crystal schematics of the polar, semipolar, and nonpolar planes investigated in this study
are shown in Figure 23(a).
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Figure 23: (a) Schematic illustration of the crystallographic planes under study and (b)
normalized S21 response of LEDs with polar (green squares), semipolar (blue circles), and
nonpolar (black triangles) orientation with the same device geometry operating at 1 kA/cm2. The
inset of (b) shows an operating device probed using a GSG RF probe. Reprinted from [6], with
the permission of AIP Publishing.

To show the trends in bandwidth vs. J as a function of orientation, the modulation
bandwidth is measured as a function of current density for polar, semipolar, and nonpolar
micro-LEDs. The InGaN/GaN LED samples each consist of three quantum wells with
nominal thicknesses of 4 nm, 4 nm, and 6 nm for the polar, semipolar, and nonpolar
structures, respectively. The quantum well thicknesses were selected based on achieving
the highest optical output power for each orientation with emission in the blue region
(~450 nm). The semipolar and nonpolar structures were grown on freestanding GaN
substrates from Mitsubishi Chemical Corporation (MCC) and the c-plane structure was
grown on sapphire. Micro-LEDs having circular mesas with diameters of 60 µm were
fabricated. Indium-tin oxide (ITO) was used as a p-contact, while Ti/Al/Ni/Au and Cr/Au
were used as n-contacts and contact pads, respectively. The LEDs were designed with
ground-signal-ground RF electrodes. Micro-LEDs were used to minimize the effects of
the parasitic RC time constant on the evaluated modulation bandwidths. More detailed
descriptions of the growth and fabrication processes can be found in appendix B. The
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modulation responses of the LEDs were then evaluated using the RF setup of Figure 12
in section 2.4.
Figure 23(b) shows a comparison of the normalized S21 power for LEDs with polar,
semipolar, and nonpolar orientation at an injected current density of 1 kA/cm2. The
nonpolar device exhibits the fastest frequency response, followed by the semipolar
device, followed by the polar device. The extracted -3dB modulation bandwidths at 1
kA/cm2 are 1050 MHz, 325 MHz, and 125 MHz for the nonpolar, semipolar, and polar
LEDs, respectively. To better illustrate the comparison between the different orientations,
Figure 24(a) shows the -3dB modulation bandwidth as a function of current density for
the three orientations. Clear trends in the behavior of bandwidth vs. 𝐽 are observed for the
current density regime studied. The nonpolar LEDs have the highest bandwidth, followed
by semipolar, followed by polar (𝑓3𝑑𝐵 (𝐽)𝑁𝑜𝑛𝑝𝑜𝑙𝑎𝑟 > 𝑓3𝑑𝐵 (𝐽)𝑆𝑒𝑚𝑖𝑝𝑜𝑙𝑎𝑟 > 𝑓3𝑑𝐵 (𝐽)𝑃𝑜𝑙𝑎𝑟 ).
The nonpolar LED shows a modulation bandwidth of ~1 GHz at a low current density of
500 A/cm2. The major differences in bandwidth can be explained by the differences in
the wavefunction overlap between the three orientations. For example, the square of the
average wavefunction overlap in the nonpolar quantum wells is in the range of 3-8X
higher than that of the c-plane quantum wells, depending on the current density. Since
both radiative and non-radiative recombination rates are known to scale with the square
of the wavefunction overlap [7, 8], the speed is linked with the overlap through the
carrier lifetime. As the current density increases, the coulomb screening effect [9] leads
to a more significant change of band-bending in the polar LED, and the bandwidth
increases at a faster rate with current density (note the larger slope of bandwidth vs. 𝐽
above 500 A/cm2 for the polar LED compared to the semipolar and nonpolar LEDs).
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Figure 24: (a) Bandwidth and (b) optical output power vs. current density for devices with polar
(green squares), semipolar (blue circles), and nonpolar (black triangles) orientation. The dashed
lines are guides to the eye. Reprinted from [6], with the permission of AIP Publishing.

Figure 24(b) shows the optical output power of the LEDs vs. current density as
measured on-wafer into a photodetector. The output power of the semipolar device is
more than two times that of the nonpolar device, whereas the output power of the polar
device is slightly higher than the nonpolar device. The bandwidth trends do not correlate
one-to-one with the output power trends, suggesting a stronger effect from orientation
than output power on speed.
After measuring the -3dB modulation bandwidths (𝑓3𝑑𝐵 ) as a function of current
density for the three orientations (Figure 24(a)), the DLTs were obtained (Figure 25(a))
for the given range of current densities. Corresponding injected carrier density for a given
current density for each device is calculated similar to the approach described in Refs. [5,
10]
𝐺

(32)

𝑛 = ∫ 𝜏∆𝑛 𝑑𝐺
0

where 𝑛 is the carrier density, and 𝐺 is the generation rate, which is calculated from the
current density (𝐽), electron charge (𝑒), and active region thickness (𝑑) using 𝐺 =
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𝐽/(𝑒 × 𝑑 ). The lower limit of the integral corresponds to a generation rate of zero, while
the measurable minimum for the carrier lifetime corresponds to a non-zero generation
rate, as previously discussed [10]. Extrapolating the data in Figure 25(a) to obtain the yintercept, the approximate Shockley-Read-Hall lifetimes (𝜏𝑆𝑅𝐻 ) for the three orientations
at zero generation rate are extracted. The resulting SRH lifetime for nonpolar (0.4 ns) is
shorter than that of semipolar (2.0 ns) and polar (4.0 ns). With the lower-limit lifetimes
obtained, the carrier density is calculated. Figure 3(b) shows that the calculated carrier
density is always lower in the case of nonpolar for a given current density, followed by
semipolar, followed by polar (𝑛(𝐽)𝑝𝑜𝑙𝑎𝑟 > 𝑛(𝐽)𝑠𝑒𝑚𝑖𝑝𝑜𝑙𝑎𝑟 > 𝑛(𝐽)𝑛𝑜𝑛𝑝𝑜𝑙𝑎𝑟 ). This trend is
explained by the higher recombination rates in nonpolar and semipolar, which relates
back to the larger electron-hole wavefunction overlaps in nonpolar and semipolar [11]. A
similar reduction in the recombination lifetime has also been achieved using external
strain to increase the wavefunction overlap [12]. At high current densities, the DLT for
the polar device decreases at a faster rate compared to the nonpolar and semipolar
orientations due to coulomb screening of the polarization field. Hence, at very large
current densities, the DLT of the polar device may potentially approach those of the
nonpolar and semipolar devices. Indeed, c-plane LEDs have shown bandwidths near 1
GHz (𝜏∆𝑛 ~0.16 𝑛𝑠) above ~5 kA/cm2 (see Figure 26).
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Figure 25: (a) DLT as a function of current density and (b) calculated log (𝑛) vs. log (𝐽) for LEDs
with polar (green squares), semipolar (blue circles), and nonpolar (black triangles) orientation.
Reprinted from [6], with the permission of AIP Publishing.

Figure 26: Bandwidth vs. current density for the nonpolar LED (open black triangles), semipolar
LED (open blue circles), and polar c-plane LED (open green squares) compared to other reported
̅𝟐)
polar c-plane LEDs on sapphire or with a flip-chip design and compared to semipolar (𝟏𝟏𝟐
̅
LEDs. c-plane data from Refs. [13-15] and semipolar (𝟏𝟏𝟐𝟐) data from Refs. [16, 17]. Reprinted
from [6], with the permission of AIP Publishing.

Table 1 compares the bandwidth, DLT, and carrier density for the different
orientations at a current density of 1 kA/cm2.
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Table 1: Comparison of bandwidth (BW), DLT, and carrier concentration at 1 kA/cm2 for various
orientations.

Orientation

BW (MHz) / DLT (ns)

Carrier
Conc. (cm-3)

Nonpolar

1047 / 0.15

6.76×1017

Semipolar

325 / 0.49

3.80×1018

Polar

123 / 1.26

1.23×1019

Figure 26 compares the bandwidth vs. 𝐽 trends for the LEDs from this study with
several of the highest bandwidth c-plane LEDs, and semipolar (112̅2) LEDs with 50 m
diameter [16, 17], that were previously reported. The bandwidth of the c-plane LED from
this study is in excellent alignment with the trends from previous studies, suggesting an
intrinsic bandwidth limitation for c-plane LEDs (particularly at low current densities)
regardless of the material structure and device design (e.g., standard vs. flip-chip).
Conversely, the bandwidth of the nonpolar LED is significantly higher than those of the
c-plane LEDs at low current densities where LEDs are more likely to operate efficiently
due to reduced efficiency droop. Similar trends hold for the semipolar LEDs, although to
a somewhat lesser degree. Thus, LEDs fabricated on nonpolar and semipolar orientations
are attractive for achieving higher bandwidths at lower operating currents, which is
advantageous for maximizing efficiency, reducing power dissipation, and mitigating
issues with thermal management.
3.2

̅𝟎) LEDs
GHz-bandwidth nonpolar (𝟏𝟎𝟏
This section presents a nonpolar m-plane InGaN/GaN micro-scale LED on a high-

quality free-standing GaN substrate with a record -3dB bandwidth of 1.5 GHz at a current
density of 1 kA/cm2. This is the highest bandwidth reported for any GaN-based LED to
56

date. Moreover, the nonpolar micro-scale LED achieves a modulation bandwidth of 1.35
GHz at a current density of only 250 A/cm2, which is attractive for minimizing power
dissipation and efficiency droop. Using the method in chapter 2, the DLT at 1 kA/cm2 is
found to be 200 ps. The excellent high-speed performance is attributed to the large
electron-hole wavefunction overlap and short carrier lifetime enabled by nonpolar
quantum wells. The LED structure was grown using a Veeco vertical rotating disc
MOCVD system. Trimethylgallium (TMG) and triethylgallium (TEG) were used as the
Ga sources, while trimethylindium (TMI) was used as the In source. Biscyclopentadienyl-magnesium (Cp2Mg) and SiH4 were used as the sources for Mg and Si
dopants, respectively. The LED structure was grown on a nonpolar (101̅0) (m-plane)
free-standing GaN substrate obtained from Mitsubishi Chemical Corporation. First, ~ 2
µm of Si-doped n-type GaN was grown on the m-plane substrate, followed by ~100 nm
of highly doped n-type GaN with a nominal electron concentration of 6×1018 cm-3. An
InGaN/GaN MQW active region consisting of three 6-nm-thick InGaN quantum wells
separated by 15-nm-thick GaN barriers was then grown on the nonpolar n-GaN. The
structure was capped with ~100 nm of moderately doped p-GaN with a doping
concentration of 3×1019 cm-3, followed by 15 nm of highly doped p++GaN. The structure
was then annealed in air in a furnace at 650°C to activate the Mg acceptors.
The devices were fabricated with a semi-transparent p-contact and an RF electrode
design for probing. First, 200 nm of semi-transparent indium-tin-oxide (ITO) was blanket
deposited on the structure using electron-beam evaporation to form the p-contact. Next,
circular mesa structures were patterned on the ITO and dry etched in an inductively
coupled plasma (ICP) system. Both the ITO and semiconductor layers were etched under
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the same conditions using Cl2 plasma. The etch rates were determined to be 30 nm/min
and 265 nm/min for the ITO and semiconductor layers, respectively. The ITO was
subsequently annealed in a rapid thermal annealer (RTA) at 550 ⁰C for 10 minutes in N2
to enhance transparency and reduce the resistivity. 175 nm of SiO2 was deposited to
provide dielectric isolation between the p-side and n-side of the devices. Ti/Al/Ni/Au
(20/100/50/50 nm) and Cr/Au (20/850 nm) were deposited as the n-contact and p-contact
pads, respectively. The devices were tested on-wafer, with no additional heat sinking,
flip-chip bonding, or packaging. A cross-sectional view of the LED structure is shown in
Figure 27(a). Figure 27(b) shows the light-current density-voltage (L-J-V) characteristics
of the device. A light output power >1.2 mW was collected on-wafer from the backside
of the device at current density of 1 kA/cm2. The peak wavelength vs. current density for
this device ranges from 454 to 468 nm, as shown in Figure 27(c). The inset of Figure
27(c) shows the electroluminescence (EL) spectra of the LED at different current
densities.
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Figure 27: (a) High-speed nonpolar InGaN/GaN micro-LED. Layers not drawn to scale. (b) L-J-V
characteristics of the high-speed LED. (c) Peak wavelength vs. current density. Inset: EL spectra
at different current densities.
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Figure 28: (a) The RF setup for measuring the frequency response of the LED. Top right: the
device under RF GSG micro-probe. (b) Effect of calibration of the RF link on the frequency
response of the LED. The response of the RF link is measured and plotted separately to show its
effect on the modulation bandwidth of the LED. The responses of the full link, including the
LED, measured before and after applying the calibration are also shown. (c) Frequency response
of the nonpolar InGaN/GaN micro-LED at various current densities. The frequency response of
the detector is also shown.

60

To measure the small-signal frequency response of the LEDs, the RF setup of Figure
12 was used. High-frequency cables and adaptors were used to connect the various RF
elements. The RF micro-probe and the fiber were mounted on a floated probe station to
minimize vibration. Figure 28(a) shows the diagram of the RF setup. Top right corner
shows optical microscope image of the device under RF GSG micro-probe.
We previously reported a nonpolar InGaN/GaN LED with an electrical -3dB
bandwidth of 524 MHz [18]. In our previous work, the frequency responses of the RF
cables, bias tee, and LNA were not calibrated out of the measurements. As a result, the
speed of the previously reported LEDs was significantly limited by the bandwidth of the
measurement system, which is ~650 MHz. In the present measurements, we removed the
frequency response of all RF elements in the system, with the exception of the PD (1.7
GHz bandwidth) and the RF micro-probe (50 GHz bandwidth). To calibrate the RF link
(cables, bias tee, LNA) using the NA, both ports of the link in Figure 28(a) must be
connected. Therefore, the PD, optical fiber, and RF probe were removed from the link
during calibration to enable the connection of both ends. The NA calibration procedure
measures the S21 of the RF link (cables, bias tee, and LNA), which is labeled as “RF link
response” in Figure 28(b), and automatically subtracts it from the LED frequency
response. The response of the RF micro-probe is assumed to be flat over the frequency
range of interest. The response of the PD was measured using a high-speed laser (see
Figure 28(c)), but it is not subtracted in the calibration. Subtraction of the PD response
would only further increase the measured LED bandwidth. To further clarify the effect of
the link response on modulation bandwidth, the LED was biased at 1 kA/cm2 and the
frequency responses of the full link including the LED, RF probe, and PD were measured
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before and after applying the calibration and are shown as “LED without calibration” and
“LED with calibration” in Figure 28(b), respectively. Figure 28(b) shows that the
electrical -3dB bandwidth of the LED is limited by the RF link before the calibration. By
calibrating out the RF link, the electrical -3dB bandwidth of the LED increases from
~650 MHz to ~1.5 GHz. The improved calibration techniques here give a more accurate
measure of the inherent LED response.
The normalized frequency response and electrical -3dB bandwidth of the LED vs.
current density are shown in Figure 28(c) and Figure 29(a), respectively. The electrical 3dB bandwidth of the LED varies from 601 MHz to 1.485 GHz at current densities
ranging from 20 to 1000 A/cm2. To best of our knowledge, this is the highest reported
electrical -3dB bandwidth for an InGaN/GaN LED. Moreover, the LED achieves an
electrical -3dB bandwidth of 1.35 GHz at a current density of only 250 A/cm2. The large
modulation bandwidth at low current density is enabled by the absence of internal electric
fields. GaAs-based LEDs (which also lack internal electric fields) previously reached 1.7
GHz at ~250 A/cm2 [19]. The PD frequency response is also included in Figure 28(c) and
was measured using a high-speed 450 nm InGaN/GaN laser biased well above threshold.
The PD response shows that the rapid high-frequency roll-over and the dip around 1 GHz
in the LED’s frequency response are artifacts from the PD response. The PD roll-over is
partially responsible for the saturation of the LED electrical -3dB bandwidth in Figure
29(a). The small rise in the frequency response of the LED below 100 MHz (Figure
28(c)) is presumably a resonance behavior caused by small reflections of the RF signal.
This behavior has been previously observed in both polar and semipolar InGaN/GaN
micro-LEDs [20], [21], [22-24].
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Figure 29: (a) Electrical -3dB bandwidth vs. current density for the LED. (b) Simultaneous fitting
of impedance and frequency response of the small-signal circuit of [21] to the measured
impedance and frequency response of the LED at a current density of 1 kA/cm2. (c) Extracted
DLT and RC time constant vs. current density.
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The DLT was extracted using the method in chapter 2. Figure 29(b) shows an
example of the fitting for LED data at a current density of 1 kA/cm2. Carrier transport in
the cladding layers, recombination in the quantum wells, and escape from the quantum
wells were considered in the model. Figure 29(c) shows the extracted DLT (𝜏𝑟𝑒𝑐 ), and
RC time constant (𝜏𝑅𝐶 ) at various current densities. The DLT and RC time constant range
from 8 ns to 200 ps and 25 to 50 ps at current densities of 20 to 1000 A/cm2, respectively.
Although the RC time constant is negligible compared to the DLT at low current
densities, they approach the same order of magnitude at higher current densities, resulting
in a contribution from RC effects to the saturation of the electrical -3dB bandwidth in
Figure 29(a). The DLTs reported here for the nonpolar LED are smaller than those of cplane LEDs operating at similar current densities [25-27].
Figure 30 shows the -3dB modulation bandwidth of the nonpolar LED compared with
other reported high-speed LEDs on polar and semipolar GaN. Nonpolar LEDs exhibit the
highest bandwidths, polar devices exhibit the lowest bandwidths, and the bandwidth of
semipolar LEDs falls in between those of nonpolar and polar devices. In addition to the
nonpolar LED, polar and semipolar LEDs from this dissertation are also included in the
plot. The -3dB bandwidth of polar and semipolar LEDs from this dissertation are
consistent with other reported devices. The study from the current and previous sections
aids in the selection of material for the design of high-speed InGaN/GaN LEDs.
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Figure 30: -3dB modulation bandwidth of nonpolar m-plane LED compared with other reported
devices. High-speed LEDs on polar, semipolar, and nonpolar orientations from this dissertation
are also shown.

3.3

Active region designs to achieve high-speed LEDs
To achieve high modulation bandwidth in LEDs, active region optimization is

required to lower the DLT. However, typical active regions in the state of the art GaNbased LEDs are designed to provide high-efficiency and low droop, while these designs
might not be best-suited for the high-speed purposes. In fact, in the next section, two
devices with different active region designs are compared and it is shown that the device
with higher modulation bandwidth exhibits a lower efficiency. Therefore, cooptimization of efficiency and bandwidth is critical in the design of high-speed LEDs and
it is discussed in the next section. However, this section is dedicated to investigation of
the effect of QW number on the modulation bandwidth.
Using an expanded rate equation analysis by considering carrier transport between the
QWs, modulation bandwidth of a SQW, 2 QWs, and 3 QWs active region designs are
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compared theoretically. Figure 31 shows the energy band diagram of an LED with three
QWs as the active region. Carriers transport between QWs either by tunneling through
the barriers or by thermionically escaping the QWs, diffusing in the barrier, and being
captured by the adjacent QW. The total transport time is
𝜏𝑡 = ( 𝜏

1
𝑡𝑢𝑛

+𝜏

1
𝑡ℎ +𝜏𝑑𝑖𝑓𝑓,𝑏𝑎𝑟 +𝜏𝑐𝑎𝑝

(33)

)−1

where 𝜏𝑡𝑢𝑛 is tunneling time, 𝜏𝑡ℎ is thermionic emission time, 𝜏𝑑𝑖𝑓𝑓,𝑏𝑎𝑟 is diffusion time
in the barrier, and 𝜏𝑐𝑎𝑝 is capture time.

Figure 31: Energy band diagram and carrier mechanisms for an LED with three QWs as the
active region.

To write the rate equations for a MQW structure, similar to chapter 2, one equation is
considered for carriers in the cladding layers while one equation is considered per QW
for the active region. Rate equations defining a three QWs active region are as follows
𝑑𝑁𝑐 𝐼 𝐶𝑆𝐶 𝑑𝑉𝑐 𝑁𝑐
𝑁3
= −
−
+
𝑑𝑡
𝑞
𝑞 𝑑𝑡
𝜏𝑐 𝜏𝑒𝑠𝑐

(34)

𝑑𝑁1 𝑁𝑐 𝑁1 − 𝑁2
𝑁1
=
−
−
𝑑𝑡
𝜏𝑐
𝜏𝑡
𝜏𝑟𝑒𝑐1

(35)
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𝑑𝑁2 𝑁1 − 𝑁2
𝑁2
𝑁2 − 𝑁3
=
−
−
𝑑𝑡
𝜏𝑡
𝜏𝑟𝑒𝑐2
𝜏𝑡

(36)

𝑑𝑁3 𝑁2 − 𝑁3
𝑁3
𝑁3
=
−
−
𝑑𝑡
𝜏𝑡
𝜏𝑟𝑒𝑐3 𝜏𝑒𝑠𝑐

(37)

𝑁1 , 𝑁2 , and 𝑁3 , are carrier number in the first, second, and third QW, respectively.
Recombination in the cladding layers is ignored for simplicity. Using the procedure in
chapter 2, the equivalent intrinsic electrical circuit of a three QW LED is in Figure 32. 𝑅1
and 𝐶1 , 𝑅2 and 𝐶2 , and 𝑅3 and 𝐶3 are related to the recombination in the first, second, and
third QW, respectively. 𝑅𝑡 is associated with number of carriers that are transported
between the QWs. For instance, if there is no carrier transport between the QWs, 𝑅𝑡 is
infinite and the circuit becomes similar to SQW case.

Figure 32: Small-signal intrinsic circuit of a 3 QW high-speed LED.

There are many unknown parameters in the circuit, making it difficult to achieve a
unique solution from the fittings. However, the circuit can be used for potential carrier
dynamic simulations in future. To study the effect of QW number on the modulation
bandwidth, Equations (34)-(37) are used in their small-signal form. Without using the
circuit, analytical expressions are derived for

𝑛1 (𝜔) 𝑛2 (𝜔)

𝑛3 (𝜔)

𝑛𝑐

𝑛𝑐 (𝜔)

,
(𝜔)

𝑛𝑐

, and
(𝜔)

which show the

modulation response of each QW in reference to the injected carriers in the cladding
layers. Although these equations do not reproduce the actual modulation response of the
LED since they are carrier number ratios instead of voltage ratios and the parasitic effect
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of the LED is not considered, it will provide a qualitative comparison of modulation
bandwidth of different designs. In this dissertation, this method is preferred over
obtaining the exact modulation response from the circuit of Figure 32 due to its
complexity. Therefore, the total modulation response is considered as

𝑛1 (𝜔)+𝑛2 (𝜔)+𝑛3 (𝜔)
𝑛𝑐 (𝜔)

.

Using same analogy, rate equations are written for the two-QW and SQW designs and
their associated modulation responses are derived. Expressions for modulation responses
are functions of different lifetimes and frequency 𝜔. By plugging in typical numbers for
different lifetimes, modulation responses of different designs can be compared. Among
all the lifetimes in Equation (34)-(37), 𝜏𝑐 is known from chapter 2 since it should be
almost the same in all the active region designs if the cladding layers are the same. The
recombination lifetimes in different QWs can be assumed based on the results from
chapter 2. To calculate the transport time between the QWs, Equation (33) is simplified
by neglecting 𝜏𝑑𝑖𝑓𝑓,𝑏𝑎𝑟 and 𝜏𝑐𝑎𝑝 . 𝜏𝑑𝑖𝑓𝑓,𝑏𝑎𝑟 is small due to small barrier thickness
compared to cladding layers and 𝜏𝑐𝑎𝑝 is small and around 1 ps for GaN material [28].
Therefore, the transport time can be described as
𝜏𝑡 ≈ (

1
𝜏𝑡𝑢𝑛

+

1 −1
)
𝜏𝑡ℎ

(38)

Assuming that the carriers in the barriers have bulk-like properties and obey
Boltzmann statistics, the thermionic emission lifetime from a quantum well is [29],
𝜏𝑡ℎ

2𝜋𝑚∗ 𝐿2𝑤 1/2 𝐸 /𝑘𝑇
=(
) 𝑒 𝑏
𝑘𝑇

(39)

where 𝐸𝑏 is the effective barrier height, 𝐿𝑤 is QW width, 𝑚∗ is the carrier mass, 𝑘 is the
Boltzmann constant and 𝑇 is temperature in K. Thermionic emission is a sensitive
function of barrier height and temperature.
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In a MQW structure there are a number of wells each separated by barriers of energy
height, 𝐸𝑏 , and thickness, 𝐿𝑏 . In this case the electron and hole wavefunctions are no
longer completely localized within the individual quantum wells, and for any finite 𝐿𝑏
there will be coupling between the wells. For a system of two symmetric wells, the interwell coupling would remove the energy degeneracy that exists in the limit of infinite 𝐿𝑏 .
The lowest odd (E1) and even (E2) bound states of such a two well system is separated by
some small energy, ΔE = E1 - E2 (E1 > E2) [30, 31]. The overall linear superposition
wavefunction of this system corresponds to an electron or a hole oscillating between the
wells at a frequency given by

∆𝐸
ℎ

where ℎ is the Planck constant. The tunneling time,

defined as the one-half period of the oscillation, is given by
𝜏𝑡𝑢𝑛 =

ℎ
2∆𝐸

(40)

Although this result has been derived for a two well system, it will generally be true
for an MQW system in the limit of weak inter-well coupling [30]. To determine the
tunneling time ∆𝐸 is obtained as follows

∆𝐸 =
𝐺=(

2𝜋ℎ
( 𝐿 )2
𝑤
𝑚∗

(41)

−𝐺𝐿𝑏
1+𝐺𝐿
𝑤
𝑒

2𝑚∗ 𝐸𝑏 𝑞 1/2
)
ℎ2

(42)

Figure 33 shows the electron and hole transport time (𝜏𝑡 ) between In0.15Ga0.85N/GaN
QWs calculated for a constant QW width of 6 nm and varying barrier width. At small
barrier width, carrier transport time is dominant by tunneling whereas at higher barrier
widths, tunneling becomes difficult and carrier transport time is governed by thermionic
emission.
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Figure 33: Electron and hole transport time between the QWs in an In0.15Ga0.85N/GaN MQW
structure.

To compare the modulation bandwidth of the three active region designs,
recombination lifetime in all the QWs is assumed to be 1 ns. This is the safest scenario
since the carriers spread non-uniformly between the QWs, and QWs with lower carrier
number experience a longer recombination lifetime. Therefore, if a distinct difference is
observed in modulation bandwidth of different designs in a case of uniform
recombination in all QWs, for certain, larger differences would be seen in practice due to
non-uniform carrier spreading in the QWs. The escape time is also assumed to be 1 ns for
all the designs. Figure 34 shows the calculated modulation bandwidth for SQW, 2 QWs,
and 3 QWs active region designs. The SQW structure shows a higher modulation
bandwidth compared to the MQW structures. However, this might be an opposite case for
efficiency. This is assuming uniform carrier density in all the QWs. In practice, not only
carrier density is not uniform among the QWs, but also MQW structures require higher
bias current density to achieve similar carrier density compared to SQW due to larger
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active volume. Modulation bandwidth is different for different QW number designs even
by assuming similar carrier density in the wells since each QW adds a separate pole to the
transfer function of the LED and contributes to the modulation bandwidth in parallel.

Figure 34: Modulation bandwidth calculated for SQW, 2 QWs, and 3 QWs active region designs.

To verify the results from the theoretical analysis, two LEDs were grown on c-plane
GaN with similar structures under similar growth conditions except with different active
region designs. One LED contains a 6 nm QW as a SQW structure and the other LED
includes a 3 QWs design with 6 nm/6 nm well/barrier width as MQW structure. Figure
35 shows the light-current-voltage (L-I-V) characteristics of the LEDs. The electrical
characteristics of both devices are similar which indicates that the growth conditions for
both devices were similar and consistent. MQW LED is slightly brighter than the SQW
which is due to higher number of QWs, as expected.
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Figure 35: Light-current-voltage (L-I-V) characteristics of SQW and MQW LEDs.

Figure 36 shows the -3dB modulation bandwidth of the LEDs as a function of current
density. SQW LED has up to 1.9X higher -3dB bandwidth compared to the MQW LED.
The initial behavior of -3dB bandwidth is associated with the screening effect in c-plane
QWs due to QCSE. Once the built-in electric field is screened, -3dB bandwidth increases
with current density by a higher slope.
The higher -3dB bandwidth of SQW LED compared to the MQW LED is consistent
with the rate equation analysis that was presented above. Although SQW LEDs can be
much faster compared to the MQW LEDs, their efficiency is lower. Therefore, to design
high-speed high efficiency LEDs, the QW number can be selected based on the desired
bandwidth and efficiency.
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Figure 36: -3dB modulation bandwidth vs. current density for SQW and MQW LEDs.

3.4

Co-optimization of bandwidth and efficiency
Large modulation bandwidths are typically obtained at high current densities (10 to

15 kA/cm2) where the internal quantum efficiency (IQE) is significantly degraded by
efficiency droop. Intentional impurities have also induced a faster frequency response in
GaAs-based LEDs due to the higher non-radiative recombination rate caused by the
impurities [32]. Although increasing the non-radiative recombination may enhance the
frequency response, the trade-off is lower IQE. Thus, it is critical to consider the IQE
alongside the modulation characteristics to ensure both fast and efficient devices as
required by lighting systems using VLC. Nevertheless, the majority of existing studies do
not include an evaluation of the active layer quality via IQE measurements or absolute
external quantum efficiency (EQE) measurements. In previous chapters it was shown that
nonpolar and semipolar orientations of GaN with reduced polarization effects
significantly increase the wavefunction overlap, decrease the carrier lifetime, and
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increase the modulation bandwidth at low current densities. Obtaining high-speed at low
current densities is essential to combat efficiency droop effects and simultaneously
realize high modulation bandwidth and high IQE.
Among semipolar and nonpolar orientations, LEDs grown on semipolar (202̅1̅) have
shown low efficiency droop, high brightness, large optical polarization, narrow emission
linewidth, high indium incorporation efficiency, and robust temperature stability [5, 11,
33-37]. Previously we demonstrated semipolar (202̅1̅) LEDs with high peak IQEs [3]. In
addition, semipolar (202̅1̅) quantum-well (QW) LEDs exhibit a relatively flat QW
profile at low bias since the direction of the polarization-related electric field is opposite
to that of the built-in electric field in the pn-junction, which minimizes the net electric
field. Thus, the wave function overlap is close to one at low bias and remains high for
higher bias voltages [11]. In section 3.1, the recombination rate in semipolar (202̅1̅)
LEDs was shown to be faster than that in c-plane LEDs [6]. The combination of high
efficiency and high speed make the semipolar (202̅1̅) platform attractive for studying the
trade-offs between efficiency and speed in InGaN/GaN LEDs. So far, the highest
efficiency LEDs on semipolar (202̅1̅) used 12 to 14 nm-thick In0.16Ga0.84N/GaN singlequantum-well (SQW) structures [36, 38]. However, no comparison of modulation
characteristics between SQW and multiple-quantum well (MQW) designs (on any
orientation) has been reported and the trade-offs between speed and efficiency have not
been studied.
In this section, high-efficiency semipolar (202̅1̅) LEDs with SQW and MQW active
regions are fabricated and their modulation characteristics are compared. The LEDs were
grown on free-standing GaN substrates and have peak emission wavelengths near 440
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nm. The SQW active region consists of a 12-nm-thick In0.15Ga0.85N SQW and has a peak
IQE of 0.93. The MQW active region consists of three 4-nm-thick In0.17Ga0.83N QWs
separated by 4-nm-thick GaN barriers and has a peak IQE of 0.73. Both structures
contain the same total QW thickness (12 nm). Although the peak IQE of the SQW LED
is higher than the MQW LED by 27%, the MQW LED shows approximately 40-80%
higher modulation bandwidth than the SQW LED and reaches 1.5 GHz at 13 kA/cm2.
The carrier recombination and escape lifetimes are also evaluated, which suggest that the
MQW structure is faster at low current densities mainly due to faster Shockley-Read-Hall
(SRH) or radiative recombination and faster at high current densities due to stronger
Coulomb-enhanced capture processes [39, 40]. Finally, the bandwidth and IQE
characteristics of the two LED designs are compared and the bandwidth-IQE product as a
potential figure of merit for optimizing speed and efficiency in InGaN/GaN LEDs is
introduced.
The LEDs were grown on free-standing semipolar (202̅1̅) substrates using
atmospheric-pressure metal-organic chemical vapor deposition (MOCVD). The
substrates have dislocation densities ~106 cm-2 and were obtained from Mitsubishi
Chemical Corporation (MCC). First, a 2 µm-thick n-GaN layer was grown on the freestanding substrate with nominal Si concentration of 3×1018 cm-3. Then, 12 nm of
unintentionally doped GaN barrier was grown underneath the active regions. The active
regions were later capped with a 10 nm p-Al0.2Ga0.8N electron blocking layer (EBL)
followed by a 100 nm p-GaN layer ([Mg] = 2×1019 cm-3) and a 10 nm p++GaN layer
([Mg] = 1.6×1020 cm-3). A more detailed description of the growth parameters can be
found in appendix B.
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Micro-LEDs were then fabricated using an RF electrode design and semi-transparent
indium-tin-oxide (ITO) p-contacts to improve the light extraction efficiency. First, 200
nm of ITO was blanket deposited on both structures using electron-beam evaporation.
Circular mesa structures with 60 µm diameter were then formed by etching the ITO and
epitaxial layers using inductively coupled plasma (ICP) etching and the ITO was
annealed in N2 at 550 ⁰C for 10 minutes in a rapid thermal annealer (RTA). 200 nm of
SiO2 was then conformally deposited using electron-beam evaporation to isolate the pand n-regions of the devices. Finally, Ti/Al/Ni/Au (20/100/50/600 nm) and Cr/Au
(20/750 nm) were deposited as the n-contact and p-pad, respectively. Figure 37(a) shows
a cross-sectional schematic of the fabricated devices. An image of a micro-LED biased
using a ground-signal-ground (GSG) RF probe at a current density of 20 A/cm2 is shown
in Figure 37(b). Figure 37(c) shows the electroluminescence (EL) spectra of both LEDs
at a current density of 1 kA/cm2.

Figure 37: (a) Cross-sectional schematic of the fabricated semipolar (202̅1̅) LEDs with SQW and
MQW designs on free-standing substrates. (b) Plan-view optical microscopic image of a working
device probed using a ground-signal-ground (GSG) RF probe. (c) EL spectra of the SQW and
MQW devices at 1 kA/cm2. Reprinted from [41], with the permission of AIP Publishing.
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Figure 38(a) shows the modulation bandwidths of the semipolar SQW and MQW
LEDs with aperture diameter of 60 µm for selected injection current densities of 0.1
kA/cm2, 1.0 kA/cm2, and 5.0 kA/cm2. The modulation bandwidth increases with current
injection as expected from the reduction in DLT. Figure 38(b) shows the electrical -3 dB
modulation bandwidth and reveals that the MQW LED is faster than the SQW LED by
40 to 80% over the full range of current densities (20 A/cm2 to 13 kA/cm2). The higher
speed of the MQW LED is consistent with the shorter recombination lifetime for the
MQW LED previously revealed using time-resolved photoluminescence (TRPL) [3].

Figure 38: (a) Frequency response for selected current densities of 0.1, 1.0, and 5.0 kA/cm2 and
(b) -3 dB modulation bandwidth as a function of current density from 20 A/cm2 to 13 kA/cm2 for
(202̅1̅) SQW and MQW LEDs. Reprinted from [41], with the permission of AIP Publishing.
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The frequency response (S21) and input impedance (Z11) of the devices were then
simultaneously fit using the rate equation-based recombination model described in
chapter 2 to obtain the DLT (𝜏∆𝑟𝑒𝑐 ), RC lifetime (𝜏𝑅𝐶 ), and net carrier escape time (𝜏∆𝑒𝑠𝑐 )
as a function of current density. Figure 39(a) shows the extracted DLT and RC lifetimes
vs. current density, while Figure 39(b) shows the extracted net escape lifetime vs. current
density. The DLT reduces with current density reaching the RC lifetime at high current
densities. The RC lifetimes for both devices are similar at the same current densities due
to the similar epitaxial layer structures and same device layout for both LEDs. However,
the DLT is shorter for the MQW LED at all current densities as expected from the
bandwidth results of Figure 38(b) and from previous PL lifetime measurements. At low
current densities, the DLT for the MQW LED is shorter than that of the SQW LED,
which may be related to the shorter SRH recombination lifetime, higher carrier injection
non-uniformity [42], and/or larger wavefunction overlap in the thinner QWs in the MQW
LED. At high current densities (> 3 kA/cm2), the contribution of the RC lifetime to the
bandwidth becomes comparable to the DLT. However, the total bandwidth still increases
due to the fast reduction of DLT at high current densities, which we attribute to a
Coulomb-enhanced capture process that rapidly increases the recombination rate in the
QWs. The rapid decrease in carrier lifetime is not attributed to Auger recombination
because the onset of Auger recombination (efficiency droop) occurs at much lower
current densities (~100-200 A/cm2) in these LEDs, as shown in Figure 40(a).
Furthermore, the Auger process does not appear to be significantly faster than the SRH or
radiative processes since the DLT vs. current density curves have relatively constant
slope below the onset of Coulomb-enhanced capture. The Coulomb-enhanced capture
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process (𝜏𝑐𝑜𝑢 ) occurs at high current densities when the populations of carriers in the
cladding layer and unconfined carriers above the QW are large and an unconfined carrier
more easily scatters to the QW due to the coulombic repulsion between carriers above the
QW and carriers in the cladding layer. This carrier scattering process opposes carrier
leakage (𝜏𝑙𝑒𝑎𝑘 ) from the QW, resulting in a higher population of carriers in the QW [39,
40] and a corresponding reduction of the DLT. Figure 39(b) shows the net escape lifetime
(𝜏𝑒𝑠𝑐 ) vs. current density. Closed data points represent the regime where the net escape
rate is dominated by carrier leakage, while open data points represent current densities
where the net escape rate is negative and dominated by Coulomb-enhanced capture.
Figure 39(b) shows that the net escape time is similar for the SQW and MQW LEDs at
low current densities. At high current densities, the Coulomb-enhanced capture process is
faster for the MQW LED, which leads to an increase in the carrier density in the QWs,
resulting in the fast reduction in DLT for the MQW LED in Figure 39(a). The onset of
Coulomb-enhanced capture at ~2 kA/cm2 is consistent with the increase in slope of
bandwidth for the MQW LED in Figure 38(b). The rate of Coulomb-enhanced capture is
greater in the MQW LED due to the thinner QWs, which result in a larger density of
unbound carriers above the QWs.
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Figure 39: (a) DLT, RC lifetimes, and (b) net escape lifetimes as a function of current density as
extracted from simultaneous fitting of S21 and Z11 using a rate equation-based modeling for
(202̅1̅) SQW and MQW LEDs on free-standing substrates. Reprinted from [41], with the
permission of AIP Publishing.

Figure 40: (a) IQE and bandwidth vs. current density, (b) BEFOM vs. current density, and (c) IQE
vs. bandwidth for SQW (black symbols) and MQW (green symbols) LEDs. Reprinted from [41],
with the permission of AIP Publishing.

Although bandwidths up to 1.5 GHz are achievable above 10 kA/cm2, the greater
interest is in bandwidths at lower current densities where one can minimize the effect of
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efficiency droop and reduce the device power consumption for VLC applications. Here,
the trade-off between bandwidth and IQE in the SQW and MQW LEDs is considered. To
estimate the IQE, relative EQE is used to determine the shape of the IQE vs. current
density curve under continuous wave (CW) operation. The peak IQE value was estimated
from previous optical measurements [3] based on comparing the room-temperature (295
K) and low-temperature (10 K) integrated photoluminescence (PL). The peak IQEs are
0.73 and 0.93 for the MQW and SQW LEDs, respectively. Figure 40(a) shows the
bandwidth and IQE vs. current density curves for the LEDs under CW operation. Above
~ 100-200 A/cm2, the IQE reduces (due to efficiency droop and heating) while the
bandwidth increases with current density. The SQW LED shows higher IQE (except at
very low current densities) and lower bandwidth than the MQW LED. Based on the
trade-off between bandwidth and efficiency, a bandwidth-efficiency figure of merit
(BEFOM) to be the product of the bandwidth and IQE at a given current density
(𝐵𝐸𝐹𝑂𝑀(𝐽) = 𝑓3𝑑𝐵 (𝐽) × 𝐼𝑄𝐸 (𝐽)) is considered. Figure 40(b) compares the BEFOM for
the two designs. The MQW LED shows an overall higher BEFOM than the SQW LED at
low and high current densities (𝐽 < 200𝐴/𝑐𝑚2 and 2𝑘𝐴/𝑐𝑚2 < 𝐽) and a similar
BEFOM at intermediate current densities (200𝐴/𝑐𝑚2 < 𝐽 < 2𝑘𝐴/𝑐𝑚2 ). The differences
in the BEFOM for the SQW and MQW LEDs result from the individual bandwidth and
IQE characteristics. For example, at low current densities, the significantly shorter SRH
lifetime for the MQW LED (obtained by extrapolating the DLT to zero current density
[10] in Figure 39(a)) is responsible for the higher bandwidth and an overall larger
BEFOM. Additional effects such as carrier injection non-uniformity and wavefunction
overlap may be secondary contributors to the differences in the modulation bandwidths of
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SQW and MQW LEDs at low current densities. At high current densities (> 2 kA/cm2),
the higher rate of Coulomb-enhanced capture in the MQW LED results in a larger
bandwidth, again leading to a higher BEFOM. Furthermore, the onset of efficiency droop
(~100-200 A/cm2) does not significantly alter the BEFOM vs. current density as indicated
by similar values of BEFOM for the SQW and MQW LEDs up to onset of Coulombenhanced capture (~ 2 kA/cm2). Finally, IQE as a function of bandwidth for the two
designs is showed in Figure 40(c). As expected, IQE drops as bandwidth increases due to
efficiency droop and heating. As a result, larger modulation bandwidths can be obtained
at the expense of lower IQE in InGaN/GaN LEDs.
In this chapter, high-speed InGaN/GaN LEDs were addressed. The primary goal of
this chapter was to search for optimized designs for high-performance LEDs for VLC and
micro-LED display applications. First, the impact of crystal orientation on the modulation
bandwidth was studied, an approach to find the ideal material for realization of highspeed LEDs. Next, the nonpolar orientation was used to grow and fabricate LEDs with a
record GHz-bandwidth operating at very low current densities in order to minimize the
effect of efficiency droop. In the third section, the effect of QW number on the
modulation bandwidth was investigated in search of optimized active region designs for
high-speed LEDs. Finally, co-optimization of efficiency and bandwidth were investigated
for two different designs in efficient high-speed semipolar LEDs and a bandwidthefficiency figure of merit was introduced for future design considerations.
The next two chapters study the efficiency challenges in the nitride LEDs. Chapter 4
focuses on the measurement of injection efficiency, which has been presumed as a
potential cause of efficiency droop, a contested topic in the nitride community. Chapter 5
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investigates the origins of efficiency droop from a temperature-dependent carrier lifetime
perspective. These studies pave the way for alleviating the efficiency issues in III-nitride
LEDs.
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Chapter 4 Injection efficiency

Although InGaN/GaN LEDs exhibit a high peak internal quantum efficiency (IQE) at
low current densities, efficiency droop reduces the IQE at high current densities [1].
Previous explanations for efficiency droop are divided into two primary categories: (1)
reduction of the radiative efficiency due to Auger recombination [2-4], defect-assisted
recombination [5], or saturation of the radiative rate [6] and (2) poor electrical injection
efficiency due to carrier leakage from the active region [7, 8] or ballistic carriers
overshooting the active region [9, 10]. Structures containing electron blocking layers
(EBLs) [11], staircase electron injectors (SEIs) [9], and wide QWs [12] have been
investigated for reducing electron leakage and overshoot. However, LEDs containing
these structures still exhibit efficiency droop, suggesting that injection-related
mechanisms are not the sole cause of efficiency droop. Previous investigations of carrier
leakage employed resonant optical pumping of the QWs and measured the photocurrent
[7, 13]. With optical pumping, photogenerated carriers are directly injected into the QWs,
failing to capture the effects of carrier transport under electrical injection and the
subsequent interaction between carriers in the QWs and cladding. In chapter 2,
measurements of the escape lifetime under electrical injection showed that carrier
transport in the cladding layers strongly affects the carrier leakage process. Thus,
investigation of injection efficiency under electrical injection is necessary to fully
understand its potential contribution to efficiency droop.
In this chapter, the injection efficiency as a function of current density in SQW
semipolar (202̅1̅) InGaN/GaN LEDs (which were studied in section 3.4) is extracted
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using the small-signal RF method developed in chapter 2. The extracted differential
lifetimes are used to calculate the injection efficiency of the LED at various current
densities. The injection efficiency increases with current density, reaching almost one at
high current densities and indicating that injection-related mechanisms (e.g., carrier
leakage and/or ballistic overshoot) are not the primary cause of efficiency droop.
4.1

Derivation of injection efficiency
An expression for injection efficiency was derived using rate equations under steady-

state in section 2.3. However, since here we use small-signal measurements that yield the
differential lifetimes rather than the total lifetimes, the differential rate equations of (3)
and (4) must be used instead to find the injection efficiency. By direct analogy to
Equation (25) from section 2.3, Equation (3) and (4) under steady state and the circuit
parameters in Figure 11(a) yield the differential injection efficiency (𝜂∆𝑖𝑛𝑗 )

𝜂𝛥𝑖𝑛𝑗

𝑑𝑁𝑤
𝑑𝐼𝑤 𝑞 𝜏∆𝑟𝑒𝑐
1
=
=
=
𝜏
𝜏
𝑑𝐼
𝑑𝐼
1 + 𝜏 ∆𝑐 (1 + 𝜏 ∆𝑟𝑒𝑐 )
∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑

∆𝑒𝑠𝑐

1

=
1+𝑅

𝑅𝑐

𝑟𝑒𝑐,𝑐𝑙𝑎𝑑

𝑑𝑁𝑤

where 𝑑𝐼𝑤 = 𝑞 𝜏

(43)

∆𝑟𝑒𝑐

𝜏
(1 + 𝜏∆𝑟𝑒𝑐 )
∆𝑒𝑠𝑐

is the differential recombination current in the QW. The injection

efficiency is then found by integration using the differential injection efficiency
𝐼

𝜂𝑖𝑛𝑗

(44)

𝐼𝑤 ∫0 𝜂𝛥𝑖𝑛𝑗 𝑑𝐼
=
=
𝐼
𝐼

To solve the numerical integral in Equation (44), the differential injection efficiency
at zero current is required, while technically the carrier lifetimes can only be measured
down to some minimum bias current (i.e., sufficient light is required to measure the
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modulation bandwidth). Thus, differential injection efficiency at zero bias is estimated by
linearly extrapolating from the values of DLTs at low current to zero current [14]. The
differential injection efficiency represents the response to a small signal added to a DC
bias and is the local slope of the recombination current in the QW vs. the injected current
(𝑑𝐼𝑤 /𝑑𝐼).
4.2

Differential lifetimes and circuit parameters
Differential lifetimes and circuit parameters needed to calculate the injection

efficiency are extracted by measurement and analysis similar to that in chapter 2. Figure
41(a) shows the DLT (𝜏∆𝑟𝑒𝑐 ), absolute value of the net differential escape time (𝜏∆𝑒𝑠𝑐 ),
and differential recombination lifetime in the cladding (𝜏∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 ) at various current
densities. The DLT (𝜏∆𝑟𝑒𝑐 ) reduces with increasing current density due to a faster
recombination rate in the QW [15]. The net differential escape time slightly reduces with
increasing current density at low injection levels but increases at higher injection levels
and eventually becomes negative around 3-4 kA/cm2. The initial reduction of the
differential escape time (𝜏∆𝑒𝑠𝑐 ) was previously attributed to the leakage of carriers from
the active region into the cladding increasing the escape rate (𝜏∆𝑐𝑜𝑢 > 𝜏∆𝑙𝑒𝑎𝑘 ) [16]. With
higher injection, the population of unconfined carriers in the cladding layer increases,
resulting in Coulomb-enhanced capture that causes the net escape rate to reduce and
eventually become negative (𝜏∆𝑙𝑒𝑎𝑘 > 𝜏∆𝑐𝑜𝑢 ) [17]. Later the total carrier numbers in the
QW and cladding layers are calculated and shown that the onset of the negative escape
time is where the number of unconfined carriers in the cladding becomes comparable to
the number of the confined carriers in the QW. The differential recombination lifetime in
the cladding layers (𝜏∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 ) increases with current density. As minority electrons build
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up in the UID cladding between the QW and EBL (where a high hole population exists
from the EBL doping and hole injection from the p-side), some holes are lost through
recombination with the minority electrons, making fewer holes available for subsequent
electrons to recombine with, increasing the electron lifetime in the cladding.

Figure 41: (a) DLT, absolute value of the net differential escape time, and differential
recombination lifetime in the cladding layers as a function of current density. Open diamonds
when 𝜏∆𝑒𝑠𝑐 is dominated by leakage (positive 𝜏∆𝑒𝑠𝑐 ) and closed hexagons when 𝜏∆𝑒𝑠𝑐 is
dominated by Coulomb-enhanced capture (negative 𝜏∆𝑒𝑠𝑐 ). (b) Resistances associated with
unconfined carriers in the cladding layers (𝑅𝑐 ) and unconfined carriers that recombine in the
cladding layers (𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 ). Reprinted from [18], with the permission of AIP Publishing.

Figure 41(b) shows the resistances associated with the number of unconfined carriers
in the cladding (𝑅𝑐 ) and the number of carriers that recombine in the cladding (𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 )
as a function of current density. 𝑅𝑐 is inversely proportional to the injected current
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(number of carriers) according to Equation (27), indicating that the number of unconfined
carriers in the cladding increases with higher current density, as expected. However,
𝑅𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 values are much higher, indicating that the fraction of the carriers that
recombine in the cladding layers is small compared to the carriers that are present in the
cladding layers (due to small number of holes in the n-GaN which reduces the probability
of the recombination).
4.3

Differential and total injection efficiencies
The differential and total injection efficiencies as a function of current density were

calculated using the extracted parameters shown in Figure 41(a) and Equation (43) and
(44), respectively, and are shown in Figure 42(a). The differential injection efficiency at
zero bias required to calculate the integral in Equation (44) was estimated to be 0.33 by
extrapolating the data in Figure 42(a). The total injection efficiency is generally lower
than the differential injection efficiency. The injection efficiency is 0.45 at a current
density of 50 A/cm2 and becomes 0.97 at a current density of 10 kA/cm2. According to
Figure 41(a), the term

𝜏∆𝑟𝑒𝑐
𝜏∆𝑒𝑠𝑐

decreases with increasing current density because the net

differential carrier escape time from the QW increases and eventually becomes negative
due to Coulomb-enhanced capture. At the same time, the DLT in the QW decreases,
consuming the carriers before they leak out into the cladding layer. The combination of
Coulomb-enhanced capture and faster carrier recombination in the QW ensures that the
QW efficiently consumes carriers, leading to lower carrier leakage at high current
densities. Similarly, due to the constant rate of recombination in the cladding with current
density, at high current densities a smaller fraction of the terminal current recombines in
the cladding (𝑅

𝑅𝑐
𝑐𝑙𝑎𝑑−𝑟𝑒𝑐

≈ 0), as indicated in Figure 42(b), and the effect of cladding
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recombination on the injection efficiency is reduced. The increase of injection efficiency
with current density found here supports that injection-related mechanisms are not the
cause of efficiency droop in the present LEDs. This finding is consistent with previous
findings that show carrier leakage only affects the efficiency at low current densities [13].
Other studies also concluded that carrier leakage does not explain efficiency droop based
on the failure of a temperature-dependent leakage model to reproduce droop [19, 20].
Moreover, some studies experimentally observed higher droop at lower temperatures
(which is inconsistent with a leakage model) and proposed saturation of the radiative rate
[6] and asymmetric carrier transport [21] as potential causes of efficiency droop. We have
observed similar injection efficiency trends for c-plane (0001) and m-plane (101̅0)
LEDs, suggesting that the behavior of higher injection efficiency with higher current
densities is not strongly orientation dependent. Figure 43 shows the injection efficiency
as a function of current density. Injection efficiency at low current densities depends on
epitaxial structure of the LED and material properties. For instance, injection efficiency
of the semipolar LED is the highest due to presence of an EBL which reduces the
electron leakage, while injection efficiency of the nonpolar LED is lower than the polar
LED because of lower p-type doping in the p-GaN layer of the nonpolar LED leading to
lower hole injection and consequently higher electron leakage.
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Figure 42: (a) Differential and total injection efficiencies and measured relative EQE as a
function of current density. (b) Radiative efficiency and calculated absolute EQE as a function of
current density. Reprinted from [18], with the permission of AIP Publishing.

Figure 43: Injection efficiency for polar, semipolar, and nonpolar LEDs as a function of
efficiency.
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The relative external quantum efficiency (EQE) was measured into a photodetector
under CW conditions and is shown in Figure 42(a). The peak EQE occurs at a current
density of 250 A/cm2. Using the injection efficiency and relative EQE, the relative
radiative efficiency (𝜂𝑟 ) is determined from 𝜂𝐸𝑄𝐸 = 𝜂𝐿𝐸𝐸 𝜂𝑖𝑛𝑗 𝜂𝑟 , where 𝜂𝐼𝑄𝐸 = 𝜂𝑖𝑛𝑗 𝜂𝑟
and a constant light extraction efficiency (𝜂𝐿𝐸𝐸 ) is assumed. This yields the shape of the
radiative efficiency curve after accounting for injection efficiency. To obtain the absolute
value of the radiative efficiency, the peak radiative efficiency is assigned a value of 93%
based on previous low temperature/room temperature photoluminescence (PL)
measurements on this LED [22]. Figure 42(b) shows that the peak radiative efficiency
occurs near a current density of 50 A/cm2, which is lower than the peak of the relative
EQE (250 A/cm2) due to injection effects. The reduction of the radiative efficiency with
increasing current density is consistent with an Auger model for efficiency droop [2, 3].
The values of injection efficiency obtained here are also consistent with the absolute EQE
values measured for other 12-nm-thick SQW semipolar (202̅1̅) LEDs grown using the
same MOCVD system. For example, Pan et al.[23] reported a peak EQE of 52% and
𝜂𝐿𝐸𝐸 = 75% for a 12-nm-thick SQW semipolar (202̅1̅) LED. Here, we estimate the
absolute EQE from 𝜂𝐸𝑄𝐸 = 𝜂𝐿𝐸𝐸 𝜂𝑖𝑛𝑗 𝜂𝑟 using the radiative efficiency in Figure 42(b) and
assuming 𝜂𝐿𝐸𝐸 = 75% if similar packaging is used. The calculated absolute EQE is shown
in Fig. 3(b). The peak EQE is 40% (i.e., 𝜂𝐸𝑄𝐸 = (0.75)(0.69)(0.78) = 0.40), which is
similar to that reported by Pan et al. [23].
4.4

Carrier and current distribution in the LED structure
To further clarify the effects of Coulomb-enhanced capture, recombination in the

QW, and recombination in the cladding layers on injection efficiency, the total number of
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carriers in the QW (𝑁𝑤 ) and total number of carriers in the claddings (𝑁𝑐 ) are calculated.
Solving Equation (3) and (4) for 𝑁𝑤 and 𝑁𝑐 leads to:
𝑁𝑤 =

1
∫ 𝜂∆𝑖𝑛𝑗 𝜏∆𝑟𝑒𝑐 𝑑𝐼
𝑞

(45)

𝑁𝑐 =

1
∫(1 − 𝜂∆𝑖𝑛𝑗 )𝜏∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 𝑑𝐼
𝑞

(46)

Figure 44(a) shows 𝑁𝑤 and 𝑁𝑐 as a function of current density calculated using the
parameters in Figure 41(a) and Figure 42(a). At low current densities, the carrier
population in the QW is higher than that in the cladding layers due to the lower rate of
recombination in the QW according to Figure 41(a). The higher population of carriers in
the QW at low current densities is responsible for the higher leakage observed at low
current densities in Figure 41(a). As the current density increases, 𝑁𝑤 and 𝑁𝑐 approach
the same value. Conversely, 𝑁𝑐 increases with increasing current density due to the
higher recombination lifetime in the claddings at higher injection (𝜏∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 in Figure
41(a)). According to Figs. Figure 41(a) and Figure 44(a), the onset of Coulomb-enhanced
capture occurs at the current density where 𝑁𝑐 is of the same order of magnitude as 𝑁𝑤 .
Similar carrier populations in the QW and cladding layers makes carrier escape from the
QW harder due to Coulomb repulsion. David et al. [17] also showed that the Coulombenhanced capture rate has a linear dependence on the carrier density in the claddings.
According to Figure 41(a) and Figure 44(a), a similar dependency for Coulomb-enhanced
capture is observed in this study.
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Figure 44: (a) Total number of carriers in the QW (𝑁𝑤 ) and in the claddings (𝑁𝑐 ) as a function of
current density. (b) Recombination current density in the QW (𝐽𝑤 ) and in the claddings (𝐽𝑐 ).
Reprinted from [18], with the permission of AIP Publishing.

the effect of lifetimes and carrier population in different regions on the injection
efficiency are further investigated by calculating the recombination current densities in
the QW and cladding layers. Using Equation (3),(4), and (43) the total recombination
current density in the QW and cladding layers are:
𝐽𝑤 = ∫ 𝑑𝐽𝑤 = ∫ 𝑞

𝐽𝑐 = ∫ 𝑑𝐽𝑐 = ∫ 𝑞

𝑑𝑁𝑤
= ∫ 𝜂𝛥𝑖𝑛𝑗 𝑑𝐽
𝐴𝜏∆𝑟𝑒𝑐
𝑑𝑁𝑐

𝐴𝜏∆𝑟𝑒𝑐,𝑐𝑙𝑎𝑑

(47)

= ∫(1 − 𝜂𝛥𝑖𝑛𝑗 )𝑑𝐽
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(48)

where 𝐴 is the area of the circular mesa and 𝐽𝑤 and 𝐽𝑐 are the total recombination current
densities in the QW and cladding layers, respectively. Figure 44(b) shows the
recombination current densities in the QW and cladding layers. 𝐽𝑤 has a stronger
dependence on the injected current density than 𝐽𝑐 , causing the recombination current
density in the QW to be almost two orders of magnitude higher than the recombination
current density in the cladding at high current densities, resulting in an injection
efficiency of nearly one. However, at low current densities the recombination current is
divided between the QW and cladding layers leading to a lower injection efficiency. The
weaker dependency of recombination current in the cladding layers on the injected
current density results from the increasing 𝜏𝑟𝑒𝑐,𝑐𝑙𝑎𝑑 being compensated by an increasing
number of carriers in the cladding, as shown in Figure 41(a) and Figure 44(a),
respectively.
In summary, in this chapter the injection efficiency of SQW semipolar (202̅1̅)
InGaN/GaN LEDs using the carrier rate equation approach and RF measurement
technique that was described in chapter 2 was determined. The DLT, net differential
carrier escape time, and differential recombination lifetime in the cladding layers were
extracted and used to determine the differential and total injection efficiencies. The
injection efficiency is low at low current densities due to carrier leakage but becomes
approximately one at high injections due to the domination of carrier leakage by a
Coulomb-enhanced capture process and higher recombination rate in the QW. The high
recombination rate in the QW causes the carrier number in the QW to increase by a
slower rate with increasing current density compared to the carrier number in the
cladding layers. However, the recombination current density in the QW grows faster than
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that in the cladding, leading to the injection efficiency increasing with current density.
The rise in the injection efficiency with increasing current density and the high injection
efficiency at high current densities rules out injection-related mechanisms (e.g., carrier
leakage and/or ballistic overshoot) as the primary cause of efficiency droop in the present
InGaN/GaN LEDs. The rise of injection efficiency with increasing current density was
observed in polar, semipolar, and nonpolar LEDs with different epitaxial structures,
indicating that the behavior is universal. Moreover, access to the injection efficiency for a
variety of epitaxial structures aids in the design of LEDs with high injection efficiency at
low current densities in order to mitigate efficiency droop and green gap.
In the next chapter, injection efficiency is used to find the radiative efficiency of the
LEDs from their measured EQE. Analysis of the radiative efficiency, DLT, and carrier
density in the QW yields the differential radiative and non-radiative lifetimes and total
radiative and non-radiative recombination rates in the QW. Studying these parameters as
a function of current density and temperature results in the identification of the origins of
efficiency and thermal droop.
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Chapter 5 Origins of efficiency and thermal droop

Thanks to more than a decade of studies, there are many carrier processes that have
been identified as the potential cause of droop. However, origin of efficiency droop is
still the subject of debate and the research community has not converged on a single
cause. The two main categories regarding the origin of efficiency droop are (1) reduction
of radiative efficiency caused by density-enhanced recombination at point defects [1],
Auger recombination [2-4], or saturation of the radiative rate [5] and (2) loss of injected
current due to leakage of carriers from the QWs into barriers as a result of thermionic
emission [6], overflow [7], ballistic overshoot [8], polarization charges [9], poor hole
injection [10], current crowding [11], asymmetric carrier transport [12], or defect-assisted
tunneling [13]. Additionally, the overall reduction of efficiency at higher temperatures,
known as thermal droop [13], has been shown to be related to some of these carrier
mechanisms such as Auger recombination [14], radiative recombination [14], defectassisted recombination [15], and carrier leakage [16] due to their temperature
dependency. Although all these processes might be responsible for efficiency droop to
some extent, they interact and compete, and under different circumstances only one or
two may become dominant. One missing part of the efficiency droop puzzle is a
comprehensive method that is able to simultaneously considers all these processes in
order to identify the primary causes of efficiency and thermal droop.
In this chapter, the rate equation approach and RF measurement technique developed
in chapter 2 is used to accurately determine the injection efficiency, carrier density, and
radiative and non-radiative recombination rates in the QW of the LED as a function of
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current density and stage temperature. The radiative and non-radiative recombination
rates in the QW are determined by coupling the total recombination rate in the QW with
the efficiency of the LED. Studies were carried out at various bias current densities and
different stage temperatures to target efficiency and thermal droop, respectively. To avoid
the effect of self-heating on carrier dynamics, a method to measure the RF characteristics
of the LEDs under pulse conditions is developed. The concept of this technique is
discussed here, while more technical details about the setup can be found in appendix A.
In chapter 4 it was shown that the injection efficiency is less than one at low current
densities while it approaches one at high injections. In this chapter it is also shown that
injection efficiency has a weak dependency on temperature. Radiative and non-radiative
recombination rates in the QW increase with increasing current density. However, the
non-radiative rate increases with a higher slope while the radiative rate tends to saturate,
where a combination of both effects results in efficiency droop. It is concluded that
efficiency droop is due to an increase of Auger recombination and saturation of the
radiative rate with increasing current density. Furthermore, at higher temperatures, the
radiative rate reduces while the non-radiative rate increases only at very low current
densities. The temperature dependency of the non-radiative rate at low current density is
attributed to SRH recombination. Thermal droop is due to an increase of SRH
recombination and a decrease of the radiative rate at elevated temperatures.
5.1

Pulsed-RF measurement
To measure the modulation response and input impedance under isothermal

conditions, the LED is biased by DC pulses from a pulse generator (AVTECH 1010B)
with pulse repetition interval (PRI) of 10 µsec and pulse width (PW) of 1 µsec. Then, a
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small AC signal from the network analyzer (NA) is added to the DC pulses and sent to
the LED. The reflected AC signal from the LED is used by the NA to determine the input
impedance of the device. To generate the modulation response, the output light of the
LED is collected by an optical fiber and converted to an electrical signal by a
photodetector. The photodetector signal is amplified by a low noise amplifier and sent
back to the NA. The received signals by NA are in the form of a pulsed-RF signal due to
the LED being off during the off-state of the pulse. Figure 45 shows the transmitted (RF)
and received (pulsed-RF) signals by the NA both in time and frequency domains. Unlike
the continuous-wave (CW) mode where the NA receives signals with the same frequency
(𝑓𝑐 ) as the signal that it sends to the LED, in pulse mode the energy of the signal is spread
out into infinite harmonics of the main frequency (𝑓𝑐 ). To receive the main signal back, a
very broadband receiver (few hundreds MHz, in this case) is required to collect all the
harmonics where they interfere constructively and generate the main signal. Such a
broadband receiver still does not exist in the state-of-the-art NAs. However, here, a
narrowband filter is used to pick only the central harmonic of the signal among all the
generated harmonics (see Figure 45) since it has the same frequency as the input signal.
Although most of the energy of the signal is lost to the rest of the harmonics, the main
frequency can be detected similar to the CW mode, enabling data evaluation by the NA.
The only drawback of this technique compared with CW mode is the power loss, which
can be normalized out. Mathematically, it can be shown that the fraction of energy of the
main harmonic compared with the total energy of the signal is equal to the pulse duty
cycle. Selection of the narrowband filter depends on the pulse frequency since the
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spacing between the two adjacent harmonics is determined by the pulse frequency (see
Figure 45).

Figure 45: Concept of the pulsed-RF measurement developed to minimize the effect of selfheating on the measurements. A narrowband filter of the NA is used to pick the main harmonic of
the RF frequency among all the generated harmonics.

The modulation response and input impedance of the LED were measured using the
pulsed-RF technique at current densities of 10 A/cm2 to 10 kA/cm2 and at different stage
temperatures. Figure 46(a) shows the electrical -3dB bandwidth of the LED as a function
of current density for different stage temperatures. The electrical -3dB bandwidth
increases with increasing current density mainly due to the increase of spontaneous
emission [17]. Similar to RF measurements, the relative external quantum efficiency
(EQE) of the LED was measured under the same pulse conditions at the same current
densities and stage temperatures (see Figure 46(b)). Although the EQE is strongly
affected by temperature, which is widely known as thermal droop, the RF characteristics
have a weak dependency on temperature.
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Figure 46: (a) Electrical -3dB bandwidth and, (b) relative EQE of the LED as a function of
current density at different stage temperatures. (c) the equivalent electrical circuit of the LED.

5.2

Radiative and non-radiative recombination
The DLT, net differential carrier escape time, and differential recombination lifetime

and transport time in the cladding regions were extracted as a function of current density
and stage temperature after simultaneous fit of the modulation response and input
impedance of the circuit of Figure 46(c) to the measured modulation response and input
impedance of the LED for the frequency range of 10 MHz to 2 GHz. Figure 47(a) shows
the DLT (𝜏∆𝑟𝑒𝑐 ) as a function of current density at different stage temperatures. The DLT
reduces with increasing current density while it is almost independent of temperature.
David et al. [18] have reported similar temperature dependencies for the DLT obtained
by an electrical technique. The injection efficiency and carrier density in the QW are
calculated using the extracted lifetimes and are depicted in Figure 47(b) and (c),
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respectively. The injection efficiency at all temperatures increases with current density
and eventually approaches one. Thus, the injection efficiency cannot account for either
efficiency droop or thermal droop. The carrier density in the QW increases with
increasing current density. The radiative efficiency (𝜂𝑟 ) in Figure 47(d) is extracted using
the relative EQE (𝜂𝐸𝑄𝐸 ) of Figure 46(b) and the injection efficiency (𝜂𝑖𝑛𝑗 ) in Figure 47(b)
by assuming a constant extraction efficiency (𝜂𝑒𝑥𝑡 ) in 𝜂𝐸𝑄𝐸 = 𝜂𝑒𝑥𝑡 𝜂𝑖𝑛𝑗 𝜂𝑟 . To adjust the
𝜂𝑟 curves to absolute values, the peak of the 𝜂𝑟 data at a temperature of 25 °C is set to
93%, which was previously measured for this sample using room-temperature/lowtemperature PL technique [19]. The rest of the curves were adjusted relative to the 𝜂𝑟 at
25 °C. However, the main conclusions of this study are independent of the absolute peak
of 𝜂𝑟 and the trends remain similar at lower values of 𝜂𝑟 peak.

Figure 47: (a) DLT, (b) injection efficiency, (c) carrier density in the QW, and (d) radiative
efficiency as a function of current density at different stage temperatures.
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Knowing the 𝜂𝑟 , 𝜂𝑖𝑛𝑗 , and DLT from Figure 47, the differential radiative (𝜏∆𝑟 ) and
non-radiative (𝜏∆𝑛𝑟 ) lifetimes in the QW are extracted using the following equations [2]:
−1
−1
𝜏∆𝑟
= 𝜂𝑟 𝜏∆𝑟𝑒𝑐
+𝐺

𝑑𝜂𝑟
𝑑𝑛

−1
−1
𝜏∆𝑛𝑟
= (1 − 𝜂𝑟 )𝜏∆𝑟𝑒𝑐
−𝐺

𝐺=

(49)
𝑑𝜂𝑟
𝑑𝑛

(50)

𝜂𝑖𝑛𝑗 𝐽
𝑞𝑑

(51)

where 𝜏∆𝑟𝑒𝑐 , 𝐺, 𝐽, 𝑑, and 𝑞 are DLT, generation rate in the QW, injected current density,
QW thickness, and electron charge, respectively.
Figure 48(a) and (b) show the differential radiative and non-radiative lifetimes at
various current densities for different stage temperatures. The non-radiative lifetime
compared to radiative lifetime reduces drastically with increasing current density. This
means at high current densities the extra injected carriers into the QW are more likely to
end up in the non-radiative process. A recent theoretical calculation of radiative and
Auger lifetimes vs. carrier density shows similar dependencies, where the Auger lifetime
has a stronger dependency on carrier density compared to the radiative lifetime [20]. At
higher temperatures, the radiative lifetime increases at all current densities while the nonradiative lifetime decreases only at low current densities and it is almost independent of
temperature at high current densities. We attribute the behavior of non-radiative lifetime
at low current densities to SRH recombination. The SRH lifetime (𝜏𝑆𝑅𝐻 ) is related to
temperature through [21]:
𝜏𝑆𝑅𝐻 = 𝜏0 (1 + 𝑐𝑜𝑠ℎ

𝐸𝑇 − 𝐸𝐹𝑖
)
𝑘𝑇

(52)
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where 𝜏0 is a constant related to trap densities, 𝐸𝑇 is the energy of the traps, and 𝐸𝐹𝑖 is the
intrinsic fermi level. Due to the linear dependence of the SRH recombination rate on
carrier density, the total and differential SRH lifetimes are equal. Therefore, the SRH
lifetime is extracted as the non-radiative lifetime at the lowest current density (10 A/cm2)
by assuming Auger recombination is negligible [2]. The inset of Fig. 4(b) shows the SRH
lifetime and the theoretical fitting of Equation (52) as a function of temperature. This is
similar to the SRH lifetime reported by Nguyen et al. [15] and Meyaard et al. [16]
obtained from optical measurements.

Figure 48: (a) Differential radiative and (b) non-radiative lifetimes, and (c) total radiative and (d)
non-radiative recombination rates vs. current density for different stage temperatures. Inset of (b)
is SRH lifetime at various temperatures.
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Figure 48(c) and (d) are the total radiative (𝑅𝑟 ) and non-radiative (𝑅𝑛𝑟 )
recombination rates in the QW calculated using Equation (53) and (54), carrier density in
the QW (Figure 47(c)), and the differential radiative and non-radiative lifetimes (Figure
48(a) and (b)).
𝑅𝑟 = ∫

𝑑𝑛
𝜏∆𝑟

𝑅𝑛𝑟 = ∫

(53)

𝑑𝑛
𝜏∆𝑛𝑟

(54)

Both rates increase with increasing current density, with the non-radiative rate having
a higher slope and the radiative rate tending to saturate. Therefore, a combination of a
higher non-radiative recombination rate and the saturation of the radiative rate leads to
efficiency droop. Moreover, the radiative rate reduces with temperature at all current
densities, while the non-radiative rate increases with temperature only at low current
densities. The temperature dependency of radiative process is in agreement with the
theoretical work of Kioupakis et al. [14] and other experimental reports [22]. The
stronger temperature dependency of the non-radiative rate at low current density is
attributed to SRH recombination [15, 16], while the weaker dependency on temperature
at high current densities suggests indirect Auger recombination. Kioupakis et al. [4]
theoretically showed that the Auger process in nitride LEDs is a result of indirect
scattering processes with weaker dependency on temperature compared to direct Auger.
Thus, thermal droop is caused by a decrease of the radiative rate and increase of SRH
recombination with increasing temperature.
In this chapter, the origins of efficiency and thermal droop were investigated using
the small-signal characterization method that was developed in chapter 2. RF
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measurements were carried out under isothermal conditions enabled by a pulsed-RF
measurement technique. Analysis of the DLT, carrier density, and radiative efficiency
lead to the extraction of the radiative and non-radiative recombination rates. The behavior
of the rates vs. current density and temperature revealed the origins of efficiency and
thermal droop.
The next chapter is a conclusion of the dissertation and discusses proposed future
work. Appendix A describes the technical details on the RF setup and appendix B is on
the growth, fabrication, and basic characterization of the high-speed InGaN LEDs.
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Chapter 6 Conclusions and future work

In this chapter, first, conclusions of the dissertation are presented. Next, several future
avenues regarding high-speed InGaN LEDs and the study of carrier dynamics are
discussed.
6.1

Conclusions
This dissertation presented a study of carrier dynamics in high-speed III-nitride LEDs

for VLC applications. The discussions in this dissertation are useful for characterizing
and optimizing the design of InGaN LEDs for future lighting systems.
In chapter one, first a brief history of III-nitride LEDs was presented. Then, a typical
InGaN/GaN LED structure was described. Challenges facing the InGaN LEDs were
listed and the need for understanding the carrier dynamics to alleviate these challenges
was discussed. Then, previous methods for studying the carrier dynamics in LEDs and
their limitations were described. Finally, the scope and organization of this dissertation
was presented.
Chapter 2 included the rate equation method and the RF measurement technique that
was developed and used to study carrier dynamics of the LEDs throughout this
dissertation. This chapter included the rate equation analysis and the differential rate
equations, which were used to derive the equivalent electrical circuit of the LEDs. The
steady-state form of rate equations was used to derive expressions for some of the circuit
parameters and the injection efficiency of the LEDs. The input impedance and
modulation response of the circuit were used to simultaneously fit the measured input
impedance and modulation response of the LEDs. The RF responses of the LEDs were
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measured using an RF characterization setup, which it is described in this chapter and
appendix A. The results of the fittings and different extracted parameters were discussed
individually, including the DLT, net escape lifetime, and parasitic series resistance. The
consistency of these parameters was checked with the derived expressions and also the
current density and the device size to validate the model. Finally, approximations were
made for the modulation response of the LEDs at high and low current densities. At low
current densities, it was found that the modulation bandwidth of the LEDs is limited by
DLT and the net carrier escape time. At high current densities, the modulation bandwidth
is limited by the DLT and a lifetime that is dependent on diode parameters and parasitic
effects, which was defined as the RC time constant. For LEDs with diameters less than
100 µm, the RC lifetime is not significant, and the modulation bandwidth is mainly
limited by the DLT in the QW. Therefore, the goal of the following chapter was to design
LEDs with shorter carrier lifetime to achieve higher modulation bandwidth.
In chapter 3, high-speed InGaN LEDs were discussed. First, the effect of crystal
orientation on the modulation bandwidth of the LEDs was studied in order to find
material with shorter DLT. It was found that nonpolar and semipolar LEDs exhibit higher
modulation bandwidth at lower current densities compared with polar LEDs. Then, LEDs
with a record 1.5 GHz -3dB bandwidth at a current density of 1 kA/cm2 were
demonstrated on nonpolar free-standing GaN substrates. Next, a series of LED designs
with different QW numbers was investigated using the rate equation analysis, showing
that LEDs with lower numbers of QWs exhibit a higher modulation bandwidth. These
results were validated by fabrication of SQW and MQW LEDs on c-plane GaN. Finally,
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the co-optimization of efficiency and modulation bandwidth was discussed for two
different LEDs with different active region designs on semipolar GaN.
In chapter 4, the injection efficiency of the LEDs was determined. An expression for
the injection efficiency was derived using differential rate equations. Extracted
parameters using RF measurement and the fittings yielded the injection efficiency of the
LEDs. Injection efficiency increases with current density, eliminating injection-related
mechanisms as the primary cause of efficiency droop. Finally, expressions for the carrier
population and recombination current density in the QW and the cladding layers were
derived using the differential rate equations to further investigate the injection efficiency.
At low current densities, the carrier population is high in the QW compared to the
cladding layers, which leads to the leakage of carriers from the QW. At high current
densities, the QW becomes faster in consuming the carriers, resulting in similar
population of carriers in the QW and cladding layers, making carrier escape from the
active region harder. Additionally, although both recombination current densities in the
QW and in the cladding layers increase with increasing current density, the
recombination current density in the QW is orders of magnitude higher than that in the
cladding layers, making the effect of carrier leakage on the injection efficiency
negligible.
Chapter 5 investigated the origins of efficiency and thermal droop using a pulsed-RF
technique and temperature dependent measurements. This technique enabled the
measurement of input impedance and modulation response of the LEDs under pulse
conditions in order to minimize the effects of self-heating. Knowing the injection
efficiency from chapter 4 and measuring the relative EQE of the devices for different
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stage temperatures, the radiative efficiency of the LEDs was derived. Using differential
rate equation analysis along with the radiative efficiency, the differential radiative and
non-radiative lifetimes were derived, which eventually resulted in the determination of
the radiative and non-radiative recombination rates in the QW. The non-radiative rate
increased strongly with increasing current density while the radiative rate saturated. It
was concluded that efficiency droop results from a combination of an Auger-like nonradiative process and the saturation of the radiative rate. Moreover, the radiative rate
decreased strongly with temperature at all current densities, while the non-radiative rate
only increased at low current densities. The temperature dependency of the non-radiative
rate at low current densities is attributed to SRH recombination. Thermal droop is caused
by the reduction of the radiative rate and the increase in SRH recombination at elevated
temperatures.
In summary, this dissertation presented a comprehensive method to study carrier
dynamics in electrically injected LEDs using small-signal RF measurements and
differential rate equation analysis. This method represents an entirely new approach to
characterizing the classic DC properties of III-nitride LEDs and enables simultaneous
determination of the dynamic properties. For example, the method enables the
determination of the injection efficiency, carrier density in the active region, modulation
bandwidth and DLT, carrier escape lifetime, radiative and non-radiative recombination
rates, and RC time constant in LEDs. Understanding the above properties under electrical
injection provides valuable information about the origins of fundamental efficiency
challenges and aids in the co-optimization of modulation bandwidth and efficiency. For
example, the described method was used to experimentally determine the injection
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efficiency in III-nitride LEDs and exclude injection efficiency as a potential origin of
efficiency droop. The origins of efficiency and thermal droop in III-nitride LEDs were
investigated by analyzing the carrier density and radiative efficiency as a function of
current density and temperature under isothermal conditions. The isothermal condition
was enabled by a pulsed-RF method, which was developed for the first time.
6.2

Future work
For future work, there are different open avenues such as development of high-

performance LEDs for emerging applications, investigation of physics behind some
carrier mechanisms like Coulomb-enhanced capture, and potentially alleviating the green
gap. Also, this method can be expanded to study photodetectors (PDs), laser diodes (LD),
and vertical cavity surface emitting lasers (VCSEL). In this section, these avenues are
discussed in detail.
6.2.1

Development of high-performance LEDs for emerging applications

This dissertation has laid down the ground work of a platform that can be used to
design high-performance LEDs for emerging applications such as VLC and micro-LED
displays. These applications require co-optimization of bandwidth and efficiency, which
was briefly discussed in chapter 3. Chapter 4 and 5 also dug into efficiency droop in IIInitride LEDs, which is a dominant problem in micro-LEDs due to their operation at high
current densities. In the future, different structures can be studied using the method
developed in this dissertation to investigate the effect of QW thickness, QW number, and
the presence of an EBL on the modulation bandwidth and efficiency of the LEDs.
Moreover, by knowing the RC time constant and the parasitic series resistance from this
method, different device geometries can be studied in search of high-speed and efficient
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LEDs while reducing the thermal effects. Access to parasitic series resistance can help
produce design devices with high wall-plug efficiency and optimized diode properties.
6.2.2

Physics of carrier mechanisms

In chapter 2 all the extracted parameters from the fittings and their behaviors were
justified as a function of current density, device size, and temperature. However, there is
still room to investigate some of the lesser known carrier mechanisms such as Coulombenhanced capture and recombination in the cladding layers. For instance, two active
regions, one with an EBL and one without an EBL can be designed to study the origin of
Coulomb-enhanced capture (Figure 49(a)). As it was seen in Figure 39 of section 3.4, the
MQW LED exhibits a rapid decrease of DLT at high current densities, which is
consistent with the onset of a strong Coulomb-enhanced capture process. As a result, the
modulation bandwidth in Figure 38 increases strongly for the MQW LED compared to
the SQW LED. By further understanding the Coulomb-enhanced capture process, the
active regions of LEDs can be tailored to amplify this process in order to potentially
improve the modulation bandwidth and injection efficiency. Another future path could be
to design two LEDs with different cladding layer lengths to investigate the behavior of
the recombination in the cladding layers and carrier leakage (Figure 49(b)).
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Figure 49: (a) Active region designs to study the origin of Coulomb-enhanced capture process.
(b) Active region designs to investigate the behavior of recombination in the cladding layers.

6.2.3

Study of green gap

This dissertation investigated the injection efficiency and origins of efficiency and
thermal droop by analysis of extracted carrier lifetimes in blue LEDs. The same method
can be used to study the green gap. The defects induced by a large crystal mismatch
between InGaN QWs and GaN barriers and In tending to form clusters during the growth
process in green LEDs are claimed to be partially responsible for the low efficiency. On
the other hand, there are theories blaming some of the carrier mechanisms responsible for
the low efficiency of green LEDs. For instance, theoretical studies have shown that
Auger recombination increases with increasing In content in the InGaN/GaN QWs due to
alloy scattering, resulting in larger droop in green LEDs[1]. Droop studies in chapter 5
can be carried out for green LEDs with a variety of epitaxial structures to study the
behavior of Auger process in green LEDs and identify its role in green gap. This method
also can be used to track the behavior of injection efficiency, and radiative and nonradiative processes as a function of In content and defect density in the InGaN/GaN QWs
in order to potentially find a correlation between the In clusters and defects, and the low
efficiency of green LEDs. The uniqueness of this method is that it is not dependent on
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any material system and it can be applied to LEDs based on arsenide and phosphide
systems, as well as to green InGaN/GaN LEDs.
6.2.4

Extension to other devices

Similar to LEDs, rate equations can be written for other semiconductor devices such
as LDs, PDs, and VCSELs in order to derive equivalent electrical circuits. By measuring
the RF response of these devices and possibly fitting the circuit response to the RF data,
these devices can be studied to enable the design of high-performance devices. For
example, the procedure to derive the equivalent circuit of a diode laser is presented here.
The rate equations for a diode laser consist of three coupled rate equations, two of them
similar to the LEDs for QW and cladding layers, and one for the photon population. This
is due to the stimulated emission process which embeds the interaction between carriers
and the photons. The rate equations are as follows:
𝑑𝑁𝑝
1
= [Γ𝐺(𝑁𝑤 , 𝑁𝑝 ) − ]𝑁𝑝
𝑑𝑡
𝜏𝑝

(55)

𝑑𝑁𝑤 𝑁𝑐 𝑁𝑤
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−
−
− 𝑁𝑝 Γ𝐺(𝑁𝑤 , 𝑁𝑝 )
𝑑𝑡
𝜏𝑐 𝜏𝑟𝑒𝑐 𝜏𝑒𝑠𝑐

(56)

𝑑𝑁𝑐 𝐼 𝐶𝑠𝑐 𝑑𝑉𝑐 𝑁𝑐 𝑁𝑤
= −
−
+
𝑑𝑡
𝑞
𝑞 𝑑𝑡
𝜏𝑐 𝜏𝑒𝑠𝑐

(57)

where 𝑁𝑝 is photon number, 𝜏𝑝 is photon lifetime, Γ is confinement factor, and
𝐺(𝑁𝑤 , 𝑁𝑝 ) is material gain as a function of both the photon number in the cavity and the
carrier number in the active region. The dependence of the optical material gain on the
photon number is phenomenologically described using the nonlinear gain coefficient 𝜀.
𝐺(𝑁𝑤 , 𝑁𝑝 ) =

𝐺0 (𝑁𝑤 )
1 − 𝜀𝑆

(58)

where 𝑆 = Γ𝑁𝑝 /𝑉𝑤 is photon density and 𝑉𝑤 is the active region volume.
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Using the same analogy to chapter 2, the intrinsic equivalent circuit of a diode laser is
derived and shown in Figure 50. 𝐿𝑤 appears in the circuit due to the resonance resulting
from the carrier-photon interaction in the stimulation emission process (Equation (55)
and (56) are coupled). 𝑅𝜀 is a result of gain compression and it is linked to the nonlinear
gain coefficient 𝜀. Under moderate pumping and the absence of gain compression, 𝑅𝜀 is
negligible. The rest of the circuit elements are similar to that of an LED. Details of the
extraction of this circuit can be found in [2]. Parasitic series resistance can be added
manually to the circuit.

Figure 50: Intrinsic equivalent circuit of a QW laser diode.

The input impedance and modulation response of the circuit can be used to fit the
measured input impedance and modulation response of the LD which results in the
extraction of DLT as well as the photon lifetime. Due to more fitting parameters in the
circuit of an LD compared to that of an LED, there might be some issues regarding the
robustness of the fittings and uniqueness of the solutions. However, 𝑅𝜀 can be neglected
under low gain compressions to simplify the circuit and ensure robustness of the fittings.
Although the procedure was never taken for an LD in this project, fittings are expected to
be good even in the presence of 𝑅𝜀 due to a resonance behavior in both measured
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modulation response and input impedance of LDs. A similar technique can be applied to
PDs and VCSELs to extract their carrier dynamics. This information can be valuable in
the design of high-speed devices for communication purposes.
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Appendix A

Technical information on the RF setup

This appendix provides technical information on the RF setup, calibration procedures,
noise rejection techniques, and realization of the pulsed-RF measurement. These are vital
information in order to avoid the dysfunction of the RF setup or measurements with
unacceptable errors.
A.1

Network Analyzer
The heart of the RF measurement is the network analyzer (NA). The RF setup of

Figure 51 that is used to measure materials for this dissertation has a two port PNA-X
N5247A Agilent network analyzer. The standard frequency range of this NA is from 10
MHz to 67 GHz. There is a millimeter wave extension that extends the frequency up to
110 GHz. For this dissertation, NA was operated at the standard frequency range which is
the default window that shows up after NA is turned on. The frequency range can be set
through (stimulus > frequency) panel. To see the desired S-parameters as a function of
frequency on the screen, one or multiple windows can be created using the right click of
the mouse in the measurement window. Then in each window one can go to (response >
measure > S11, S21, …) to select the desired S-parameter. S11 is measured to extract the
input impedance using the equation bellow:
𝑍 = 𝑍0

1 + 𝑆11
1 + 𝑆11

(59)

Where 𝑍0 = 50 Ω in this NA. S21 is the equivalent of modulation response and no further
calculation is required. S-parameters can be viewed in different formats. The default of
the NA is LogMag type. To change that, one can go to (response > format). To save the
data on the screen go to (file > save data as). In the opened window, files can be saved in
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LogMag-phase, real-imaginary,… type and CSV, S2P, … format. All the files should be
saved in CSV format which is compatible with Excel and MATLAB. The S21 is preferred
to be saved in the LogMag-phase type and LogMag data is used as the absolute value of
modulation bandwidth. The S11 is preferred to be saved in the real-imaginary form and
used to calculate the real and imaginary of the impedance for the fittings.

Figure 51: RF measurement setup.

The power level at the transmitters ranges from -30 dBm to 10 dBm and it can be
adjusted through (stimulus > power) panel on the screen or the keyboard. Measurements
were carried out at a power of 0 dBm, which is the default of the NA. An important
parameter to adjust is the IF bandwidth that can be accessed through (response > average
> IF bandwidth) panel. In these measurements, IF bandwidth was set to a value of as low
as 100 Hz to enable the detection of the received signal from the amplifier. The lower the
IF bandwidth the lower the noise level will be, resulting in higher dynamic range and
ability to detect low power signals. However, the speed of the frequency sweep by the
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NA is reduced. IF stands for “intermediate frequency” and refers to the filters that are
used inside the NA to detect the signal at the receivers. This low IF bandwidth ensured
the accuracy of the measurement of the modulation response. The signal level from the
micro-LEDs is in the order of -100 dBm, which with 30 dB amplification it will be
around -70 dBm at the receiver of the NA. The noise level of the NA at 100 Hz IF
bandwidth is around -100 dBm, making amplification important to detect the signal.
Other features such as smoothing and averaging can be found in (response > average) tab
and can be used to make the signal look smoother. In all the measurements that were
carried out for this dissertation, 3% smoothing was used without averaging.
A.2

Calibration
Without calibration, the RF measurement is meaningless. All the components of the

RF setup are electronic devices and they usually have a significant response often as large
as the response of the device under test (DUT). Therefore, the response of the DUT can
be lost in the overall response of the rest of the setup. Fortunately, calibration of the RF
setups is straightforward but could be tedious if all the details are not paid attention to.
For these measurements, a 2-port calibration is required to subtract the response of all the
elements connected to both ports from the subsequent measurements. This is normally
done by going to (response > cal wizard > unguided calibration > 2-port > choose the cal
kit). Then, each individual port needs to be connected to open, short, and load from
calibration kit and the associated calibration is carried out. Finally, both ends of the ports
are connected and the loss in the whole link is measured which is called through and the
calibration is saved. However, due to electrical-to-optical conversion by the LED and
optical-to-electrical conversion by the photodetector the procedure is not quite
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straightforward as described. The calibration for S11 and S21 must be done separately.
Calibration files can be called every time a measurement is needed (response > cal >
manage calset). According to Figure 51, port 1 that delivers the power to the LED is
connected to the RF GSG micro-probe and the end of port 2 is the optical fiber. To
measure S11, port 1 needs to be calibrated using one port calibration, which for a Cascade
Microtech probe can be done by the software wincal on the computer. The software is
connected to the NA and communicates with the NA to measure the open, short, and load
on the calibration wafer using the RF micro-probe. It saves the calibration and subtracts it
from every measurement after that. The procedure for that is to open the Wincal software,
go to the setup tab, adjust the required information, go to calibration and finally
autocalibration. The software will ask for moving the RF probe to different elements
automatically (e.g. open, short, load on the calibration wafer).
Calibration of S21 should be done by removing the fiber, the photodetector, and the
RF probe. Now both ports can be connected using the RF adaptors to measure the
response of the RF link. Note that the amplifier is in the link and since the input power of
the NA is 0 dBm and the gain of the amplifier is 30 dBm, the power at the receiver of
port 2 will be almost 30 dBm (loss in the link is not high) which damages the NA
receiver. Therefore, before connecting both ends of the link, one should reduce the RF
power on the NA to -30 dBm to avoid damaging the receiver after amplification. Also,
there should be no DC power flowing in the link that could go to the receivers and
damage the NA. After the power is set to the lowest level and the link is connected, one
can go to (response > calwizard > unguided calibration > response > through and then
normalize) to calibrate the link. This file will be saved separately and will be re-called for
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measuring the S21. The power level will always be -30 dBm after calibration for S21 is recalled. Before the measurement it should be set to 0 dBm to be able to detect the signal
from LED. In general, to both measure the input impedance and modulation response one
must switch back and forth between the calibrations for S11 and S21, respectively.
A.3

Noise cancellation
One of the biggest challenges in the realization of the RF setup was the presence of

strong free-pace RF irradiation in the received signal in S21 measurement. After many
diagnoses it was found that these RF powers are irradiated from the RF probe tips like an
antenna and since the signal level of micro-LED was small, these noises would be
comparable to the desired signal. The irradiated RF power was received by the input of
the amplifier and was amplified along with the LED signal. Different shielding methods
were used to shield the adaptors, the amplifier and the connection between photodetector
and amplifier from the free-space irradiated RF power. The best thing that worked was
the big metal box that is used to contain the photodetector and amplifier together. It
significantly reduced the noise in the measurement. This noise is not an issue in the
measurement of S11 since it is a one port measurement and it does not include an
amplifier in the link. The photoreceiver purchased from Newport Inc. (New Focus highspeed receiver 1591) has a built-in amplifier integrated with the photodetector. This
photoreceiver is well-shielded from the free-space irradiations and does not amplify the
RF noise. Integrated amplifier with photodetector is the ideal design for RF applications,
but it is more expensive.
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A.4

Technical details on the pulsed-RF measurement
The purpose of the pulsed-RF measurement is to measure the S-parameters of the

device under pulsed bias to avoid the self-heating of the LEDs. However, when bias of
the LED is pulsed using a pulse generator, the NA’s transmitter and receiver are still
sending and receiving signals in continuous mode. Therefore, the ideal is to gate the
transmitters and the receivers of the NA synchronized by the pulse generator. This
requires a software from Agilent called pulse option to activate some internal pulse
generators inside the NA to gate the ports. Without the software, one can measure the S21
but for S11 some external RF devices are needed which is beyond the scope of this
dissertation and was not realized during this project. However, the measurements in
chapter 5 were carried out by the trial version of the pulse option software. S21
measurement under pulse is as described in chapter 5. The only technical detail is to have
the IF bandwidth set as low as 100 Hz to have a narrowband filter at the receiver.
According to Figure 45, the narrowband filter ensures the detection of the main RF
frequency. The only drawback as discussed in chapter 5 is the power loss in the
measurement which can be normalized out. The duty cycle of the bias pulse determines
the amount of RF power that will be received by NA. Therefore, the duty cycle can only
be lowered to a point that the received signal is not below noise floor. To achieve short
pulses while still being able to detect the RF signal, one should use high pulse repetition
frequencies (100 kHz).
A.5

Components of the RF setup
All the components of the RF setup except the NA and the probe station are in two

bottom shelves of the big black cabinet. Tested LED samples for this dissertation are also
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in the same place. Those two shelves are dedicated to our group. The adaptor case is in
the top shelf of the same cabinet. The adaptors belong to the lab.
A.5.1 RF micro-probe
GSG RF micro-probe from Cascade Microtech is used to probe the LEDs on wafer.
The product number is ACP50-GSG and its -3dB bandwidth is 50 GHz. Therefore, at the
range of interest for these measurements the response of the RF micro-probe is flat.
However, the response of the probe is measured by the company and it is included in the
product package in case if subtraction of the probe response was necessary. Figure 52
shows the configuration of the probe. The pitch size of the probe which is considered as
the distance between center of one tip to the center of the adjacent tip is 150 µm. These
tips are co-planar; therefore, the metal contacts on the devices are required to be coplanar.

Figure 52: GSG RF micro-probe. The pitch size is 150 µm.

A.5.2 Calibration wafer
To calibrate the port 1 of NA for measurement of S11, all the elements connected to
this port including bias-tee, cables, and RF micro-probe are required to be calibrated
together. S11 measurement leads to the extraction of the input impedance of the LED and
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it is extremely sensitive to calibration. The calibration wafer map shown in Figure 53
accommodates probes with pitch sizes from 50-150 µm.

Figure 53: Calibration wafer map.

There are short, open/through, and load elements on the map which can be used for
calibration using the Wincal software. The information regarding the calibration wafer
and the probe pitch size are required to be set in the setup menu in the Wincal software.
The map is included along with the calibration wafer in the purchased package.
A.5.3 Cables
SMA cables are mainly in 3.5 mm or 2.4 mm standards. The NA can accommodate
the 2.4 mm standard. However, most of the purchased elements have 3.5 mm standard
which can be connected to 2.4 mm cables using adaptors. The number in the standard
refers to the spacing between the core and the ground of the SMA cables which
determines its frequency. 2.4 mm cable for example can go up to 67 GHz while 3.5 mm
cable can go up to 18 GHz. Both types of cables are available in the lab and can be
connected to each other using adaptors.
A.5.4 Photodetector
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There are two photodetectors (PDs) that were used for this dissertation. A Thorlabs Si
fiber-coupled detector (DET025AFC). The fiber coupling should be multimode to ensure
the high extraction of the light from the LED. The -3dB bandwidth of this PD was
measured using a high-speed laser and it is around 1.65 GHz. Figure 54 shows the PD
response. DET025AFC PD has some RF design issues that causes the high-frequency dip
around 1 GHz. It also has a impedance mismatch problem at its output port which
requires a few dB attenuator to be connected to its output SMA port to reduce its
impedance, otherwise the detector bandwidth would reduce drastically.
The other PD is 4.5 GHz GaAs-based PD New Focus high-speed receiver 1591. This
receiver has a built-in RF amplifier which it is an optimum design for detectionamplification of a signal due to being shielded against noise, and lack of mismatch issue
at its ports. However, the responsivity of this PD at wavelength of 450 nm is one third of
the Si PD. Therefore, for high-frequency and high-power measurements of InGaN
devices this PD is ideal. Its frequency response is included in the purchased package.
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Figure 54: DET025AFC response measured using a high-speed laser.
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A.5.5 Amplifier
The amplifier that was used in these measurements is a 3GHz, 34 dB gain, low-noise
amplifier from Pasternack PE15A1009. The combination of the low-noise feature of this
amplifier with the high-responsivity of the Si PD provides smooth measurements
compared to the GaAs receiver for the low-level signals like in the pulsed-RF
measurement. The amplifier has good DC blocking and low insertion loss features.
A.5.6 Bias-tee
There are three bias-tees available in the RF lab which two of them belong to our
group. One is 4.2 GHz, Mini-Circuits ZFBT-4R2GW-FT+. For higher frequency
measurements such as lasers, the bias-tee from Prof. Christodoulou’s lab can be used
which goes up to 12 GHz (Picosecond Pulse Lab bias-tee). For pulsed-RF measurements
to avoid the reflection of the pulse from the CW bias-tees, a 12 GHz, 3 A current, pulsed
bias-tee 8860SMF3-02 from API Technologies Corp is used. This bias-tee ensures the
minimum reflection of pulses with frequencies above 5 kHz. The lower RF frequency
limit of this bias-tee is 30 MHz. The pulse input of this bias-tee is coaxial standard to
maintain the quality of the pulses. Figure 55 shows the image of the pulsed bias-tee.

Figure 55: Pulsed bias-tee.
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A.6

Fitting procedure
Fittings of the measured input impedance and modulation response are done

simultaneously using a MATLAB code. This can be done using any software as long as
the fittings are simultaneous. However, the robustness and confidence intervals should be
checked to ensure the uniqueness of the solutions. Fortunately, MATLAB has a verity of
functions that can perform the fittings and evaluate their robustness. One of the most
popular functions for nonlinear fit in MATLAB is nlinfit. This function returns an
estimation of fitting parameters for the nonlinear regression of the responses in Y (e.g.
impedance data) on the predictors in X (e.g. frequency data) using the specified
model. The parameters are estimated using iterative least squares estimation, by the
specified initial values. In addition to the estimated parameters, nlinfit also returns
residuals and a variance-covariance matrix of the fittings. The syntax nlparci uses
residuals, variance-covariance, and estimated parameters to calculate the 95% confidence
intervals for the nonlinear least squares parameter estimates. The syntax nlpredci returns
model predictions and the confidence intervals for the model at the input data points (e.g.
frequency). More details about these functions can be found at www.mathworks.com.
In this dissertation, to simultaneously fit three functions (real part of impedance,
imaginary part of impedance, and modulation response) with shared unknown parameters
to three sets of measured data, a wrapper function for nlinfit function was used. In simple
words, the wrapper function puts the three sets of data in an N×3 matrix (N is number of
data points for each data set) and performs the fitting for the matrix. In the case of one
data set, nlinfit function performs the fittings for a N×1 matrix which is the same as
without the wrapper function. Below is an example of the fittings, estimated parameters,
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and 95% confidence intervals on the parameters. If the estimated parameters fall in
between the confidence intervals, the robustness of the fittings is ensured. Figure 56
shows an example of the simultaneous fitting for an LED operated at a current density of
1 kA/cm2. Table 2 shows the estimated fitting parameters and the 95% confidence
intervals for those parameters. All the estimated parameters fall in their confidence
intervals, ensuring robustness of the fittings. Regarding the initial values, they can be at
least one order of magnitude different from the estimated values but still the fittings are
convergent.
Table 2: Estimated fitting parameters and their confidence intervals.

Fitting
parameter

Lower confidence
boundary

Estimated
parameter

Higher confidence
boundary

𝑹𝒄 (𝛀)

15.730

15.951

16.172

𝑹𝒘 (𝛀)

9.088

9.464

9.840

𝝉𝒓𝒆𝒄 (𝒔)

7.425×10-10

7.611×10-10

7.797×10-10

𝝉∆𝟎 (𝒔)

2.187×10-10

2.249×10-10

2.310×10-10
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Figure 56: Simultaneous fitting of expressions for real of impedance, imaginary of impedance,
and the 20log of modulation response to the measured data. Confidential intervals on the
predicted data are very close to the predicted data, such that they are indistinguishable.
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Appendix B

Growth, fabrication, and characterization of
high-speed LEDs

In this appendix, growth conditions, fabrication procedures, and basic electrical
characterization of the nonpolar and semipolar LEDs are discussed. These LEDs were
used throughout the dissertation as targets for studies or were demonstrated for VLC
applications.
̅𝟏
̅) GaN Templates
MOCVD Growth of Semipolar (𝟐𝟎𝟐

B.1

Initially, MOCVD growth of n-type GaN was performed on the free-standing
nonpolar and semipolar substrates provided by Mitsubishi Chemical Corporation. The
major challenge for growth of semipolar n-GaN templates is the appearance of elongated
features known as “comets” on the surface of the regrown layers. Similar observations
have been reported previously for case of m-plane layers on free-standing substrates
where the features are known as “Pyramidal Hillocks” [1, 2]. As it can be seen in Figure
57, a large density of the comets having vertical sizes above 100 nm is observed on these
layers.

Figure 57: (a) Optical microscope image of the semipolar (20-2-1) GaN substrates after growth of
about 4 µm of n-type doped GaN. (b) AFM image of surface in the vicinity of a selected comet
and (c) 2-dimentional profile of the comet.
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The presence of such large features on the surface of the semipolar GaN films could
be an obstacle in developing the semipolar LEDs based on these films. Therefore, growth
experiments were designed to alleviate this problem based on the effect of growth
temperature on the surface morphology of the overgrown GaN layers. Figure 58 clearly
demonstrates this trend; reduction in the density of the comets by reducing the substrate
temperature (Figure 58(d), (e), (f)). Moreover, as can be seen in the figure, the RMS
roughness values reduced from 0.8 nm to 0.3 nm when the substrate temperature was
reduced from 1020 ⁰C to 980 ⁰C (Figure 58(a), (b), (c)). The data can be better correlated
in a plot as shown in Figure 59. According to the plot in Figure 59, both density of
comets (from about 6×102 cm-2 to about 1×101 cm-2) and RMS roughness (from 0.8 nm to
0.3nm) is reduced by reducing the growth temperature, which results in a smoother
surface that is required for device applications.

Figure 58: The AFM (a,b,c) and optical microscope (d,e,f) images of the semipolar (20-2-1) nGaN grown at substrate temperatures of 1020 ⁰C (a,d), 1005 ⁰C (b,e), and 980 ⁰C (c,f). The RMS
values of the roughness for each case is written in the corresponding AFM images.
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Figure 59: The RMS roughness and density of comets on the semipolar (20-2-1) n-GaN layers
grown on free-standing substrates as a function of MOCVD growth temperature measured by
pyrometer.

In order to verify that the crystal quality is not altered by reducing growth
temperature, PL measurement was performed on the samples using X-ray diffraction. The
full-width at half maximum (FWHM) of the X-ray rocking curves (XRC) performed for
the two in-plane rotational orientations (along projection of (0001) and (112̅0)) are
compared for the layers grown at 1005 ⁰C and 980 ⁰C, the results of which are shown in
Table 3. The results indicate reduction in FWHM for the beam parallel to the projection
of (112̅0) on (202̅1̅) surface for the layer grown under reduced temperature. The
situation is opposite for the other in-plane orientation of the beam with respect to the
layer. It seems that the reduction in temperature did not significantly degrade the material
quality since the XRC FWHM is reduced for one orientation and slightly increased for
the other. The values are significantly lower than the reported values for semipolar layers
developed on sapphire substrates [3, 4], which verifies a very low density of extended
defects in these films.
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Table 3: The XRC FWHM values measured along projections of (0001) and (112̅0) for two
different growth temperature.
Substrate
Temperature

XRC FWHM along
projection of (0001)

XRC FWHM along
̅𝟎)
projection of (𝟏𝟏𝟐

1005 ⁰C

0.66

1.48

980 ⁰C

0.85

1.1

Although the material quality does not appear to degrade significantly when
growing at lower substrate temperatures, we need to continue to investigate the
enhancement of crystal quality of the overgrown n-GaN layers on these substrates to
ensure maintaining smooth surface morphologies. This could be obtained, for instance,
by increasing the substrate temperature and increasing the V/III ratio at the same time to
keep the growth rate constant. Here, we used the obtained growth conditions for n-GaN
template growth and demonstrated InGaN LEDs on the templates.
B.2

̅𝟏
̅) and (𝟏𝟎𝟏
̅𝟎) InGaN LEDs
MOCVD Growth of Semipolar (𝟐𝟎𝟐
In the next step, the growth of InGaN active regions followed by p-GaN on the

semipolar (202̅1̅) and nonpolar (101̅0) n-GaN templates was investigated. The schematic
of the grown LED structures is shown in Figure 60. First, ~100 nm of highly doped ntype GaN with a nominal electron concentration of 2×1018 cm-3 was grown followed by
an InGaN/GaN multi-quantum well (MQWs) active region consisting of three InGaN
QWs separated by GaN barriers. The structures were capped with ~150 nm of moderately
doped and 15 nm of highly doped p-GaN.
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Figure 60: Schematic of the grown semipolar/nonpolar LED structures.

In the first grown structure, we observed a broad PL linewidth which was fixed by
increasing the growth time of GaN barriers at active region growth temperature. This
reduced the possibility of indium diffusion to the barriers which normally results in
indium disorder and PL broadening. Figure 61 illustrates the PL spectra of the grown
semipolar and nonpolar structures. As can be seen in this figure, the semipolar and
nonpolar structures are emitting at 452 and 470 nm, respectively. The X-ray omega2theta scan on the semipolar structure indicates periodic structures having 5 satellite
peaks (see Figure 62). The simulation results point to an indium content of about 17%
and QW and barrier thicknesses of around 6 nm and 7 nm, respectively.
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Figure 61: Room temperature photoluminescence spectrum of the grown (a) semipolar (202̅1̅)
and (b) nonpolar (101̅0) InGaN LEDs. The excitation wavelength is 405 nm.

Figure 62: X-ray omega-2theta scan (red curve), the simulated result (blue), and the subtraction of
the signal and the calculated curve (gray) for the semipolar (202̅1̅) structure.

In order to initially evaluate the current-voltage characteristics of the LEDs without
performing a full fabrication cycle, we performed a straightforward technique known as
“quick-test”. According to this test, indium dots on the edge and on the surface of the
sample are used as rough n and p contacts, respectively, which are used to bias the p-n
junction and bias the LED. This technique, however, gives an overestimation of the turnon voltage for a device. The results of quick-test on the grown semipolar and nonpolar
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LEDs shows turn on voltages of about 4V for both structures (see Figure 63). If quicktest results appear reasonable (i.e., good light output and low voltage) a full device
fabrication is performed.

Figure 63: I-V plots obtained from quick-test experiment on the grown semipolar (green) and
nonpolar (black) InGaN LEDs.

B.3

Device Fabrication

B.3.1 Mask Design
Fabrication of individual LED devices requires the use of standard fabrication
techniques such as photolithography, etching, and thin film deposition. The geometry and
structure of the LED is very important in reducing the capacitance of the devices, thereby
increasing the RC limited bandwidth. Therefore, the area of the devices must be
investigated to find an optimum geometry to ensure operating in the carrier
recombination-limited regime. Thus, a mask with circular structures with 10 µm to 100
µm diameter apertures with steps of 10 µm was designed. This range of devices allows
investigation of the RF bandwidth dependence on device area. A cross sectional view of
the LED structure is shown in Figure 64. The device consists of a mesa, which includes
the device active region. The top of the mesa is covered with semi-transparent ITO
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(indium-tin-oxide) in order to ensure proper current spreading when the device is probed.
A blanket deposition of ITO is made on the sample and a self-aligned process is used to
etch both the ITO and device mesas.

Figure 64: Cross-sectional view of high-speed LED device structure.

The n-contact metals are made directly to n-GaN. The metal is patterned in a way that
current can be collected uniformly from the circular device. The n-metal pattern can be
seen in Figure 65(c). Current is injected into the p-GaN and collected at the n-GaN
bellow the mesa. In order to measure RF bandwidth, the contact must accommodate the
RF probe tip that is typical to ground-signal-ground (GSG) measurements. Therefore, the
p-contact must be designed to incorporate the geometry of the probe tips. Typical LED pcontact pads are made directly on top of device mesas. Furthermore, in order to extract
light from the device into an optical fiber for analysis we must move the p-contact pad
away from the device active region. Therefore, a dielectric bridge must be deposited in
order for the contact pad and guiding current stripe to be deposited. In order to achieve
both these requirements the dielectric layer is deposited as shown in Figure 65(b). The
dialectic deposition allows for proper insulation of the n-GaN layer from the p-contact as
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it is placed directly above the n-GaN in order to be away from the mesa. Metal is also
deposited as the p-type guiding stripe and probe contact pads. The pattern must ensure
that the guiding striped and p-contact pad stay above the dielectric as described above.
The final device mask structure for this layer can be seen in Figure 65(d).

Figure 65: High-speed LED photomasks: (a) Mesa/ITO self-aligned mask (b) Dielectric mask (c)
n-metal mask (d) p-contact, guiding stripe, and pad mask.

B.3.2 Fabrication Procedures
The fabrication of the semipolar (202̅1̅) and nonpolar (101̅0) LED structures with
structure designs and preliminary results shown in section B.2 was performed. After
cleaning of the samples from metallic and organic contaminations, we deposited 200 nm
of ITO using e-beam evaporation at the CHTM Nanofabrication Facility. In the next step,
the circular mesa (Figure 65(a)) was patterned on the ITO and dry etched in an
inductively coupled plasma (ICP) etching system. Both ITO and GaN/InGaN layers were
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etched under the same etching conditions using Cl2. The etching rates were determined as
30, 285, and 265 nm/min for ITO, semipolar, and nonpolar material, respectively. Figure
66 shows the etching profile of the ITO + mesa etch on a selected pattern with 70 µm
diameter using alpha step profilometer. The ITO was annealed afterwards in a rapid
thermal annealer (RTA) at 550 ⁰C for 10 mins to enhance transparency and reduce
resistivity.

Figure 66: 2-dimentional profile of a selected pattern having diameter of 70 µm measured after
ICP etching using alpha step profilometer.

SiO2 was deposited as dielectric isolation of p- and n-contacts using the pattern
demonstrated in Figure 65 (b). In the last two steps we used e-beam evaporator to deposit
n-contact (Figure 65(c)) and contact pads (Figure 65(c)). Ti/Al/Ni/Au (20/100/50/50 nm)
and Cr/Au (20/250 nm) were deposited as n-contact and contact pads, respectively.
Figure 67 shows optical microscope images of some of the fabricated LEDs.
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Figure 67: Optical Microscope images of some of the fabricated LEDs having mesa diameter of
90 and 100 µm as indicated.

B.4

Electrical Characterization
The I-V characteristics of selected 100 µm devices on nonpolar and semipolar LEDs

are demonstrated in Figure 68. Both samples show an exponential behavior indicating
that the junction is not leaky. The turn on voltages do not decrease much compared to our
quick-test results with indium contacts shown in Figure 63. This could be due to the fact
that the contact resistance of the ITO on the p-GaN may not be optimized. Nevertheless,
we have reasonable current spreading as seen from the uniform emission across the ITO
in the inset of Figure 68.

Figure 68: Current-voltage characteristics of the 100 µm-size semipolar (green) and nonpolar
(black) LEDs. The inset illustrates an operating device on the nonpolar sample.
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The results of the LIV measurement on 100 µm devices of nonpolar and
semipolar orientations are shown in Figure 69. According to the plots, both semipolar and
nonpolar devices drive similar currents for the same bias voltage while the output power
is higher for the nonpolar device compared to the semipolar counterpart. In addition, the
output power changes more linearly for the nonpolar device while it changes slope for
higher currents for the semipolar device. The EL emission spectra in the insets show
emission peak at 470 and 450 nm for the nonpolar and semipolar devices supporting their
PL spectra shown in Figure 61.

Figure 69: Voltage across the device (left axes) and light output power (right axes) as a function
of current passing through the device for 100 µm-size (a) nonpolar and (b) semipolar LEDs. The
inset illustrates EL spectra of the devices.
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